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ABSTRACT
The e f fe c ts  o f a d d itiv e s  such as f e r r i c  benzoate and cupric  
benzoate on th e  therm al decom position o f benzoyl peroxide in  benzene, 
fluorobenzene, chlorobenzene, bromobenzene, £ -d ich lo robenzene, 1 ,3 ,5 -  
tr ich lo ro b en zen e , methyl benzoate, benzophenone and b e n z o n itr ile  have 
been in v e s tig a te d . In  th e  re a c tio n s  o f benzene, chlorobenzene and 
bromobenzene, the  e f fe c ts  o f m -d in itrobenzene, n itro sobenzene, p en ta - 
f lu o ro n itro so b en zen e , o^ and £ - c h io ra n i1 and cu p ric  p - s u b s t i tu te d  
(m ethy l-, ch loro— and n i t r o - )  benzoates were a lso  examined. The 
a d d itiv e s  ca ta ly se d  th e  re a c tio n s  so as to  r e s u l ts  in  h igh  y ie ld s  
o f b ia ry l  and benzoic ac id  to  the  exclusion  o f a l l  o th e r  p roducts 
and a lso  ex h ib ited  d i f f e r e n t  e f f e c ts  on the isom eric  d is t r ib u t io n  
o f th ese  s u b s tr a te s .  E xplanations have been suggested to  account fo r  
th ese  o b se rv a tio n s .
The e f fe c ts  o f  cu p ric  benzoate and f e r r i c  benzoate on th e  
com petitive re a c tio n s  o f fluorobenzene, chlorobenzene, bromobenzene 
pdichlorobenzene, 1 ,3 ,5 - tr io h lo ro b e n ze n e , methyl benzoate, benzophenone 
and b e n z o n itr ile  w ith benzene as a  s tan d ard  so lv en t have been s tu d ie d . 
R e la tiv e  ra te s  and p a r t i a l  r a te  f a c to rs  are  s ig n i f ic a n t ly  a l te r e d  
in  the  p resence o f th ese  m etal benzoates.
Com petitive re a c tio n s  o f chlorobenzene and bromobenzene w ith  
p-d ich lorobenzene eis a  s tandard  so lv en t in  the p resence and absence 
o f  c u p r ic -  o r  f e r r i c  benzoate , a lso  of chlorobenzene w ith  1 ,3 ,5 -  
trich lo ro b en zen e  as a s tandard  so lv en t in  th e  presence and absence 
o f f e r r i c  benzoate have been s tu d ie d . The r e la t iv e  r a te s  ob ta ined  
from th ese  re a c tio n s  in  the  absence o f  a d d itiv e s  converted  in to  the 
r e la t iv e  r a te s  w ith re sp ec t to  benzene as a s tandard  so lv en t d isag reed
V .
w ith those  determ ined d i r e c t ly  from th e  com petitive re a c tio n s  between 
th e se  s u b s tra te s  and benzene in  th e  absence o f a d d it iv e s . However 
good agreement i s  ob ta ined  in  the  p resence o f a d d it iv e s .
The assum ption regard ing  the  a d d i t iv i ty  o f d ire c t in g  group on 
a c t iv a t io n  fo r  phén y la tio n  re a c tio n s  were te s te d  in  th e  presence and 
absence o f a d d it iv e s ,  by comparing th e  r e la t iv e  ra te s  ob ta ined  from 
th e  com petitive re a c tio n s  o f p-d ich lorobenzene and 1,3 # 5 -tr ic h lo ro — 
benzene w ith  benzene as a  s tandard  so lv en t to  those values c a lc u la te d  
by s u b s t i tu t io n  o f measured p a r t i a l  r a te  f a c to rs  fo r  chlorobenzene 
in  th e  presence and absence o f a d d it iv e s . Â good agreement i s  ob tained  
w ith  regard  to  th e  a d d i t iv i ty  o f e f f e c ts  o f th e  s u b s t i tu t io n  in  the 
presence o f a d d it iv e s ,  although th e  agreement i s  much p o o rer fo r  the 
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V. REFERENCES I 84
I .  INTRODUCTION 
1* Homolytio Aromatic S u b s titu tio n
The therm al decom position o f benzoyl peroxide in  th e  dry  s ta te  was 
f i r s t  s tu d ied  by Brodie ( I 864] ,  who found th a t  a  mole o f carbon d ioxide 
was produced p e r  mole benzoyl peroxide decomposed. Lippman (1886) 
found biphenyl as w ell as carbon d iox ide as th e  re a c tio n  products o f 
th e  therm al decom position o f benzoyl peroxide in  sand. When the  same 
re a c tio n  p roducts were a lso  found when the  re a c tio n  was c a r r ie d  out in  
benzene, i t  was concluded wrongly th a t  the  so lv en t does not take  p a r t  
in  th e  re a c tio n . This sta tem ent was co rre c ted  by G elissen  and Hermans 
(l925)^who began t h e i r  in v e s tig a tio n s  in to  th e  deoom position o f  the 
perox ide in  v ario u s  arom atic so lv e n ts , and showed th a t  th e  re a c tio n  
proceeded according  to  t h e i r  so csLlled "EH* soheme:-
1) (ArCO.O), + RH
AiH + ArCO.OR + CO^  (a )
ArR + ArCO.CH + CO^  (b)
The above scheme in d ic a te s  th a t  b ia z y ls  a re  formed by re a c tio n  
( l . b )  only  when RH i s  arom atic , and th a t  they  a re  always o f  th e  un- 
sym m etrical type ArR, where one group (Ar) i s  provided  by peroxide 
and o th e r  by th e  so lv e n t.
The a c tu a l mechanism a t  t h i s  s tag e  was no t d e fin ed , bu t i t  was 
l a t t e r  in te rp re te d  as a  hom olytic p ro c e ss .
g
G rieve and Hey (1934) suggested  th a t  th e  r e a c tiv e  sp ec ie s  involved 
in  th e  ph én y la tio n  o f arom atic s u b s tr a te s ,  bo th  by th e  Gomberg re a c tio n  
and by th e  decom position o f n i t ro s o a c e ta n i l id e ,  was th e  f r e e  phenyl 
r a d c a l.  Hey and Waters (1937)^elaborated  th e  above p ro p o s itio n  and
t h e i r  review i s  one o f most s ig n if ic a n t  p u b lic a tio n s  in  th e  h is to ry  
o f  f r e e - r a d ic a l  chem istry .
The p roducts o f the decom position o f d ia ro y l perox ides in  arom atic 
so lv e n ts  were r a t io n a lis e d  in  terms o f fre e -ra d ic e il in term ediatw s in  
th e  fo llow ing  scheme : —
(a )  (ArCO'O)g------------- ------------- > A r. + ArCO-0* + CO^
(b ) Ar. + E - f l -------------} Ai^R 4- H* (2)
(c )  ArCO-O* 4- H* --------------> ArCO.OH
By ex tending th i s  scheme th e  form ation  o f  minor p roducts such as 
e s te r s  and polyphenyls could a lso  be r a t io n a lis e d .
(d ) Ar" + E------------- --------------  E C^H^Ar 4- H*
(e )  ArCO'O* 4- R-H ------- -------  ArCO.QE 4- H '
I t  was considered  th a t  th e  a v a ila b le  experim ental r e s u l t s  could
be in te rp re te d  in  terms o f  a tta c k  on th e  arom atic s u b s tra te  by e l e c t r i -
10c a l ly  n e u tra l  phenyl r a d ic a ls ,  and l a t e r  Waters (1941) form ulated  th e  
i n i t i a l  a c t in  th e  s u b s t i tu t io n  process as a d d itio n  to  th e  arom atic 
r in g  ( l ) .
CH -  CH Ph *CH -  CH
/ /  ^
Ph« 4- HC ,CH  > C CH
\  /  /  \  /
CH «  CH H CH a  CH
( I )
However i t  was an o th er 15 y ea rs  befo re  th e  f u l l  range o f the  
chem ical behavior o f the  product o f th a t  a d d itio n , i . e .  phenylcyclo- 
hexadienyl r a d ic a l ,  was exp lained .
A. K in e tio s  and Mechanism o f Benzoyl Peroxide
The mechanism o f th e  decom position o f benzoyl peroxide in  arom atic 
so lv en ts  has been e lu c id a ted  by th e  study o f th e  k in e t ic s  o f  the  re a c tio n  
and by product analysis*
Brown (1940)^^was th e  f i r s t  to  study th e  k in e t ic s  o f th e  decomposi­
t io n  o f benzoyl peroxide in  o rganic so lv e n ts . By measurement o f carbon 
d iox ide  ev o lu tio n , he in te rp re te d  th e  decom position as o ccu rrin g  by 
p a r r a l l e l  un im olecu lar and b im olecu lar re a c tio n s  accord ing  to  th e  r a te  
equation  : -
(3) àÇ/ài -  k,C +
\diere ^  i s  th e  co n cen tra tio n  o f th e  peroxide a t  tim e ^  and and k^ 
a re  f i r s t  and second o rd er r a te  co n s ta n ts  r e s p e c tiv e ly .
Brown a lso  showed the  a c t iv a t io n  energy o f th e  f i r s t  o rd er re a c tio n  
to  be 30 k ca l mole”  .  This was confirm ed by C uthbertson, McClure and 
Robertson (I942)^^and by A ltschu l and B a r t l e t t  (1945)^^*
The d e ta i le d  in v e s tig a tio n s  o f Nozaki and B a r t le t t  (1946)^^ 
dem onstrated th a t  th e  o v e ra ll  re a c tio n  can be rep re sen ted  by two 
sim ultaneous r e a c tio n s , a un im olecu lar decom position and a  3 /2 -  o rd er 
r e a c t io n , th e  p rev ious in te rp r e ta t io n  o f t h i s  chain  re a c tio n  as 
second o rd e r being in c o r re c t .
The a c t iv a t io n  energy o f th e  unim olecular decom position in  benzene 
was estim ated  as 30 kca l mole”  . This re a c tio n  i s  c le a r ly  th e  "prim ary" 
d is s o c ia t io n  o f the  peroxide ( 4 ) ,  which has a lso  been dem onstrated by
(4 )  C^H^C0*0'0*C0*C^H^  > 2C^H^C0«0*
se v e ra l workers by e lim in a tio n  o f th e  subsequent chain  re a c tio n  in  
th e  presence o f f re e —ra d ic a l  "scavenger", o r  by e a rr in g  out the re a c tio n  
in  v e iy  d i lu te  co n cen tra tio n s  o f peroiidw .
B arnett and V au^an (1947)^^ c a rr ie d  out th e  decom position o f 
benzoyl peroxide in  tw en ty -th ree  so lv en ts  and found th a t ,  a t  low concen­
t r a t io n s  th e  re a c tio n  i s  b a s ic a l ly  o f the  f i r s t  o rd e r, a lthough v a iy ing  
some tw enty fo ld  in  magnitude* At i n f i n i t e  d i lu t io n  in  benzene i t  was 
s t r i c t l y  o f th e  f i r s t  order*
The e f fe c t  o f th e  p re ssu re  on th e  decom position in  th e  so lu tio n  
was in v e s tig a te d  by H ailin g  and Peton (I957)^^and o thers^^ '^^*  I t  
was found th a t  a t  low p re ssu re , a p re ssu re -re ta rd e d  unim olecular 
decom position predom inates, but a  r a d ic a l  chain  mechanism, which i s  
f a c i l i t a t e d  by com pression, become th e  more im portant a t  h igh  p ressures*
Free r a d ic a l  scavengers such as io d in e  were in v e s tig a te d  by 
1Q 20 21Hammond and o th e rs  Hammond ob ta ined  two moles o f benzoic ac id
p e r  mole o f benzoyl perox ide, when th e  l a t t e r  weis decomposed in  m oist 
carbon te t r a c h lo r id e  in  th e  presence o f io d in e  as scavenger, and in  
th e  decom position o f benzoyl peroxide in  a  number o f so lv e n ts , the 
perox ide deoom position was f i r s t  o rd e r w ith  re sp e c t to  peroxide and 
was independent o f th e  io d in e  concentration*
A number o f  radicfitl scavengers^^” ^ ^ a v e  been in v e s tig a te d , but 
th e  u n r e l ia b i l i t y  o f most o f  them renders  th e  r e s u l t s  ob ta ined  o f 
d o u b tfu l v a lid ity *  "G alvinoxyl”^^ ( l l ) ;  [2 ,6—d i—t —buty  1—d - (3 ,5 -d i—t — 
b u ty l-4 -o x o -2 ,5 ,-cy c lo h ex a-2 , 5 -d ie n y lid e n e )-4 - to ly l-o x y -ra d ic a ^  h as , 
however been dem onstrated as an e f f i c i e n t  accep to r f o r  o wide vairie ty  
o f  rad ic a ls*
0 -
The "prim azy" d is s o c ia t io n  o f the  peroxide i s  then  follow ed by 
the  spontaneous decarboxy la tion  ($ ) ,  and the  r e s u l t in g  phenyl r a d ic a l  
causes n u c le a r  s u b s t i tu t io n  in  arom atic so lv e n ts .
(5 )  PhC0«0*  » Ph. + COg
B. F u rth e r  Mechetnistic F ea tu res
( l )  The n u c lea r  s u b s t i tu t io n  re a c tio n , evidence o f (T -rad ica ls . and 
th e  n a tu re  o f re s id u e .
There a re  th re e  schemes which have been considered  to  ex p la in  
th e  mechanism o f  th e  n u c lea r s u b s t i tu t io n  in  arom atic s o lv e n ts .
a) The a b s tra c tio n -a d d it io n  mechanism
This invo lves th e  a b s tra c t io n  o f hydrogen from th e  so lv en t m olecule 
by a iy l  o r  a iy lo iy - r a d ic a ls ,  follow ed by d im é risa tio n  o f th e  r e s u l t in g  
so lv en t r a d ic a ls  o r  by th e i r  com bination w ith  o th e r  r a d ic a ls .
(6 ) Ar» + Ar*H ------------- Arfl + Ar**
(7) Ar*. + Ar** -------------  Ar*-Ar*
(8 ) A r. > Ar*.------------- Ajf'-Ar*
In  t h i s  scheme a  sy m etrica l b ia ry l  i s  produced by re a c tio n  (7) 
a s  w ell as th e  unsymm etrical b ia iy l  from (8 ) ,  bu t th e  f a c t  th a t  no
sym m etrical b ia ry ls  are  found in  th e  product in  d e te c ta b le  q u a n ti t ie s  
in  th ese  re a c tio n s  w ith benzene d e r iv a t iv e s ,  and th e  h igh a c t iv a tio n  
energy req u ired  f o r  the  d is s o c ia t io n  o f th e  arom atic O-H bond, e f f e c t i ­
ve ly  e lim in a te  t h i s  mechanism.
b) The a d d it io n -a b s tra c tio n  mechanism
This mechanism invo lves th e  form ation  o f an a d d itio n  oomplex 
between the  p h en y l-ra d ica l and th e  s u b s tr a te ,  follow ed by the  lo s s  o f 
a  hydrogen atom, probably  by in te r a c t io n  o f th e  a d d itio n  complex w ith 
an o th er ra d ic a l  o r  o th e r  o x id is in g  ag en t, in  a  f a s t ,  k in e t ic a l ly  in ­
s ig n if ic a n t  s ta g e .
(9 ) A t- + At E --------> |A r ’<
( m f
(10) Ar-Ar H* + E -  > Ar-Ar + R-H
c) The synchronous mechanism
This i s  a  mechanism which in v o lv es  synchronous approach o f  the 
a tta c k in g  azy l ra d ic a l  and re c e ss io n  o f th e  e je c te d  hydrogen atom.
(11) Ar# + Ar H  ----> Ar Ar-Ar + H*
Of mechanisms (b ) and ( c ) , ( c )  appears u n lik e ly  f o r  two reaso n s, 
f i r s t l y  in  view o f some o f th e  s id e -p ro d u c ts  which have been is o la te d  
in  th e  a ry la t io n  r e a c t io n s ,  and secondly mechanism (c )  should  be 
su b jec ted  to  a  k in e t ic  iso to p e  e f f e c t , whereas in  f a c t  the  iso to p e  
e f f e c t  i s  low o r  n i l .
The evidence in  favour o f mechanism (b ) i s  th e  ex is ten c e  o f the
in te rm ed ia te  r a d ic a l  ( i l l )  o f re a c tio n  (1 0 ), i . e .  a ry lcycloheiad ieny  1 
ra d ic a l  o r  ” (T-complex ** which has been p o s tu la te d  independently  by 
Lynch and Pausacker (I957)^^and by W alling (1957)^^5 the  foim er found 
2 -quaterpheny ls  from the  a ry la t io n  o f benzene, whose o r ig in  can be 
most r e a d ily  expladned by assuming th a t  phenylcyclohexadieny 1 ra d ic a ls  
appearing  as p roducts o f  re a c tio n  ( 9) above couple in  the  canonical 
form shown to  g ive te tra h y d ro -^ -q u a te rp h en y ls  (IV) Wiich are  then  
dehydrogenated to  £ -quaterpheny ls  (V).
( 12)
-A t
This p a th  to  th e  £ - ^ a te rp h e n y ls  has been confirmed by a c tu a l
28is o la t io n  o f th e  1 • , 4 * f l " f 4 " - ‘te trahydro-£ -quatexpheny l by ca rry in g  
out th e  re a c tio n s  o f benzoyl peroxide w ith  benzene a t  r e la t iv e ly  
high  d i lu t io n s .  D im érisa tion  o f the  (T-complex can a lso  lead  to  the 
fo rm ation  o f a  number o f  isom eric  and s te reo iso m e ric  d e r iv a tiv e s  of 
te trah y d ro q u a te rp h en y ls  w ith union o f th e  n u c le i a t  both  2 - and 4 - 
p o s it io n  because o f the  d e lo c a lis a tio n  o f th e  unpaired  e le c tro n . Chemical
( 13) At. + PhX
At At  H
8dehydrogenation using  tetrach loro-o-benzoquinone^^^^^applied  to  the  
t o t a l  re a c tio n  p roducts revealed  the  isom eric  quaterphenyls ( v ) , ( v i )  
and (V Il) from the phény la tion  o f benzene w ith  benzoyl perox ide .
(14)
(V II)
Razuvaev, Zateev and Petukhov ( I 96O) allow ed benzoyl peroxide 
to  decompose in  benzene—1-^^C and ob tained  a sm all amount o f £ -te rp h en y l 
la b e lle d  in  only one benzene nucleus, to g e th e r  w ith  a much g re a te r
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q u a n tity  o f £ ,£  -quaterpheny l la b e lle d  in  two n u c le i ,  thus showing 
th a t  alm ost a l l  th e  te t ra n u c le a r  p roducts a re  formed by the  d im érisa tio n  
o f J*-complex r a th e r  than  by f u r th e r  phén y la tio n  o f b iphenyl and terphenyl, 
On th e  o th e r  hand, DeTar and Long^^Succeeded in  i s o la t in g  one o f 
th e  hydroarom atio dim ers, as w ell as 1 ,4  d ihydrobiphenyl (V I I l ) ,  from 
th e  benzoyl peroxide -  benzene r e a c tio n , u s in g  low co n cen tra tio n s  o f 
perox ide to  ensure th e  p resence o f in s u f f ic ie n t  o x id is in g  agen t, f o r  
th e  dehydrogenation o f the(T-com plex. Dihydrobiphenyl i s  one o f the  
p roducts  o f d isp ro p o rtio n a tio n  o f the  phenylcyclohexadienyl ra d ic a l  







ra d ic a l  vdiich behaves as a p e r fe c t ly  normal f re e - r a d ic a l  w ith s u f f ic ie n t
resonance s ta b i l i s a t io n  in  the  cyclohexadi enyl system fo r  re a c tio n
w ith  so lv en t benzene to  be e n e rg e tic a lly  unfavourable# Moreover the
d ir e c t  ob serv a tio n  o f s u b s ti tu te d  cyclohexadienyl r a d ic a ls  by e .s . r #
22in  a  flow system f u r th e r  supports th e  above conclusion#
Although mechanism (b) proved to  be th e  most l ik e ly  one, i t  
p re se n ts  a t  leeist two q u es tio n s . One i s  A e th e r  o r  not equation  ( 9) 
i s  f r e e ly  re v e rs ib le ;  th e  o th e r  i s  th e  n a tu re  o f  the  
h y d ro g en -ab strac tin g  agent "R*’ in  equation  (IO)#
In  g en era l th e  lack  o f a  k in e t ic  iso to p e  e f fe c t  i s  used to  sub- 
s t a n t i a t r  th e  i r r e v e r s i b i l i t y  o f equation  ( 9 )» An iso to p e  e f fe c t  w ill  
be observed i f  e i th e r  th e  re v e rs a l  o f  th e  a d d itio n  s te p  o r  th e  s tep  
forming s id e -p ro d u c ts  competes w ith th e  hydrogen a b s tra c tio n  step#
This t e s t  has been ap p lied  by M ly tin sk a y a , Bagdasauryan and I z ra i le v ic h
(1957)^^to  th e  a ry la t io n  o f some d e u te ra ted  arom atic compounds, by 
measurement o f  deuterium  con ten t o f  th e  b i a iy l ,  by Con very  and P ric e
(1 9 5 8 )^ to  th e  p h ény la tion  o f  2 ,4 -< lla itro tr itio b e n z e n e  and by Chag 
Shih , Hey and W illiams (1959)^? who decomposed benzoyl peroxide in  
tr i t io b e n z e n e . A ll above r e s u l t s  in d ic a te d  th a t  th e re  was no iso to p e  
e f f e c t  w ith in  experim ental e rro r#  B l i e l ,  Meyerson, W elvart and Wilen 
(I960)^^who decomposed a  v a r ie ty  o f  perox ides in  benzene-d and benzene- 
benzene-d^ m ixture found th a t  in  some perox ides th e  iso to p e  e f f e c ts  
c a lc u la te d  from product deuterium  co n ten t a re  in  excess o f unity*
However th e  benzene-benzene-d^ m ixture recovered  from a  chlorophény­
la t io n  remained unchanged in  is o to p ic  com position, in d ic a t in g  th a t
th e  a d d itio n  o f chlorophenyl r a d ic a l  to  benzene to  form an a iy lc y c lo -  
h e iad ie n y l r a d ic a l  i s  no t f r e e ly  r e v e rs ib le  under th e  co n d itio n s  of
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a ry la t io n . The product iso to p e  e f fe c t  i s ,  th e re fo re , a sc rib ed  to  a
com petition  between a ry l cyclohexadi enyl ra d ic a ls  vdiich go on to  produce
b ia ry l  and ra d ic a ls  which a re  d iv e r te d  in to  s id e  product (such  as d im ers),
t h i s  com petition  being  su b jec t to  is o to p ic  d isc r im in a tio n . However
27Kobayashi and co-workers have rep o rted  th a t  arom atic phény la tion  in  
JKO ( dim ethyl sulphoxide) a t  room tem perature does e x ib i t  a  s ig n if ic a n t  
iso to p e  e f f e c t  which may r e f l e c t  some unsuspected e f fe c t  o f  IMSO on 
f r e e - r a d ic a l  behaviour.
The n a tu re  o f  th e  h y d ro g en -ab s trac tin g  reagen t has been q u ite  
p u zz lin g . S ince i t  i s  known th a t  th e  a iy la t io n  o f benzene w ith  a peroxide 
(ArCO'O)^ g iv es  much ac id  ArCO*CH and l i t t l e  hydrocarbon ArH, i t  appeared 
th a t  **R” i s  la g e ly  ArC0*0* r a th e r  than  Ar* • However t h i s  seemed ra th e r  
s tra n g e , as i t  was not c le a r  why so many ArC0*0* r a d ic a ls  should ”w ait 
around” f o r  re a c tio n  ( 9) to  occur so th a t  th ey  can then  p a r t ic ip a te  in  
re a c tio n  (1 0 ). A "cage p ro cess"^^ invo lv ing  geminate Ar. and ArC0»0* 
re a c tin g  c o -o p e ra tiv e ly  w ith  s u b s tra te  has been suggested as a  p o s s ib i l i ty .
(16)
f
ArCO'O' ----- > Ar-Ar + ArCO-OH
G il l  ( 1963)^^dem onstrated th a t  r e a c tio n  (1 6 ) , i f  i t  occurs a t  
a l l ,  does not account f o r  more th an  ^  o f th e  p roducts o f th e  re a c tio n  
in  benzene.
An a l te r n a t iv e  i s  th a t  "R" in  re a c tio n  (10) i s  not a c tu a lly  
ArCO'O" a t a l l ,  but an induced decom position in v o lv in g  d ia iy l  peroxide 
o o cu r^ ^ * ^ \ The s to ich e io m etiy  o f t h i s  re a c tio n  i s  rep re sen ted  by th e  





• + ( ArCO'O) Ar*-Ar + ArCO'Ofl + ArCO'O'
( 2) Benzoyloxylation
Hey, Perk ins and W illiams (l964)^^who decomposed benzoyl peroxide 
in  benzene a t  vazying i n i t i a l  peroxide co n cen tra tio n , showed the  
marked v a r ia t io n  in  th e  y ie ld s  o f some p roducts over in  th e  low con­
c e n tra tio n  ranges. E x trap o la tio n  to  i n f i n i t e  d i lu t io n ,  when no induced 
decom position can occur, suggests  th a t  in  such circum stances the  
y ie ld  o f benzoic ac id  would be zero , and th e  y ie ld  o f b iphenyl and 
d ihydrobiphenyl a re  equal, a t  a  value o f 0.24+0.04 mole/mole perox ide . 
This means th a t  under such circum stances biphenyl and d i hydrobiphenyl 
a re  formed alm ost ex c lu s iv e ly  by re a c tio n  (1 $ ) . Small q u a n titu e s  of 
some o f th ese  p roducts accompanied th e  phenyl benzoate , whose e x tra ­
p o la te d  y ie ld  a t  zero peroxide co n cen tra tio n  i s  about O.O3 mole/mole 
p ero x id e . D avies, Hey and W illiam s (1961)^^showed th a t  th e  form ation 
o f phenyl benzoate could occur by e i th e r  :
( i )  A royloxylation  o f  benzene in  s te p s  analogous to  equation  ( 9) 
and ( 10) but w ith  Ar. rep laced  by PhCO'O* . In  t h i s  case , th e  f i r s t  
s tep  may be r e v e r s i b l e ^ ,  o r
(18) PhCO'O* + PhH
( 1 9 ) ( I I I  b)
Ph-C-0
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( i i )  D ecom position  o f  th e  p erox id e  induced  by a b en zo y lo x y -ra d ica l :
(2 0 ) PhCO'O' + ( PhCO-0 ------> CO^  + PhCO'OPh + PhC0*0*
Evidence fo r  a  d u a lity  o f  mechanism o f  e s t e r  form ation  comes from 
analogy w ith  r e a c t io n s  o f  benzoyl p ero x id e  w ith  s u b s t itu te d  b en zen es, 
when u n su b s t itu te d  phenyl benzoate accompanied th e  b en zo y lo x y la tio n  
p ro d u cts . The r e la t iv e  im portance o f  th e se  d if f e r e n t  pathways to  
phenyl b en zoate may v a iy  to  d i f f e r e n t  e x te n ts  w ith  p erox ide co n ce-  
t r a t io n .
At i n f i n i t e  d i lu t io n  th e  rem ainder o f  th e  p erox id e  may de accounted
f o r  a s  te tra h y d ro q u a terp h en y ls . Thus, a t  i n f i n i t e  d i lu t io n ,  th e  reagent
i s  alm ost e n t i r e ly  accounted by p rocesses (4 ) t(5 )y (9 )» (1 2 )  and ( l5 ) .
At f i n i t e  c o n c e n tr a t io n s , th e  v a r ia t io n s  in  y i e ld s  o f  p ro d u cts ,
o th e r  than  phenyl b en zo a te , must be co n sid ered  in  co n ju n ctio n  w ith
th e  in c r e a s in g  in c id e n c e  o f  induced  d ecom p osition  o f  th e  p ero x id e .
The v a r ia t io n  in  th e  r a te  from one s o lv e n t  to  another i s  due to  d if f e r e n t
ch a in  term in a tio n .
The c h a in - t e im in a tio n  which i s  most common fo r  th e  decom position
o f  b en zoy l p ero x id e  i s  th e  d im é r is a t io n  and d isp r o p o r tio n a tio n  o f
(T-com plexes, and i t  occu rs in  b e n z e n e ^ ^ ,a lk y lb e n z e n e s^ \ f lu o r o b e n z e n e ^ ^  
47and ch lorobenzene ' a t  low i n i t i a l  c o n c e n tr a tio n  o f  p e r o x id e . T his typ e  
o f  ch a in -te r m in a tio n  g iv e s  two con cu rrent r e a c t io n s  o f  ord er 1 and 1 .5  
in  p ero x id e  r e s p e c t iv e ly  :
(21) - d T P a / d t  -  + kgCPO:^/^
3/2where P i s  th e  p e r o x id e , and and k^ are c o n s ta n ts .  The term IP l '  
a r i s e s  from th e  induced  d ecom p osition ; such a r a te  r e la t io n s h ip  may
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be deduced fo r  a  re a c tio n  scheme invo lv ing  ( 4 )* (5) , ( 9 ) , ( 12) , ( 15) and 
(1 7 ).
The chainp-teim ination by com bination o f two s im ila r  ra d ic a ls  
vdiich a re  formed d i r e c t ly  from th e  peroxide i . e .  two benzoyloxy- 
ra d ic a ls  lead s  to  0 .3  o rd er chain  re a c tio n  (2 2 ) .
(2 2 )  - d r p 3 / d t  -  k ^ r p a  + k^ c p a ^ /^
This type o f te rm in a tio n  however i s  most u n lik e ly  f o r  th e  decom­
p o s it io n  o f benzoyl perox ide , s in ce  th e  s ta t io n a ry  co n cen tra tio n  o f 
benzoy loxy-rad ical i s  low compared w ith  r - r a d i c a l .
Another type o f chain  te rm in a tio n  i s  by com bination o f two d is ­
s im ila r  r a d ic a ls ,  such as a <r-complex and a  benzoy loxy-rad ical as in  
re a c tio n  (1 6 ) , and lead s  to  a  f i r s t  o rd e r chain  re a c tio n  (2 3 ), vdiich
(23) -  d£ P l / d t  -  k ^ r  P Ï  + k ' l  P 2
i s  observed  in  th e  d ecom p osition  o f  b en zoy l p ero x id e  in  bromobenzene
a t  a l l  pero2U.de c o n c e n tr a t io n s , and i n  ch lorobenzene a t h ig h  per02d.de
co n cen tra tion ^ ^ .
The o v e ra ll  re a c tio n  o f benzoyl perox ide in  chlorobenzene can 
be rep re sen ted  as eqpiation ( 24) :  -
( 24) -  d£ P 2 /d t  -  k , r  P 2  + k g l P 1} ' ^  + k j l  P I
idiere a t  low c o n cen tra tio n  o f  perox ide i . e .  IP I^^O .H M , th e  decom­
p o s it io n  i s  o f  1,3 o rd e r, wheoreas a t  h ig h e r  co n cen tra tio n  IP I^ÿ  0.1ZM 
th e  decom position becomes f i r s t  oixier, a lthough  th e  k in e t ic  a n a ly s is  
i s  probably  in s e n s i t iv e  to  in te im e d ia te  re a c t io n  o rd e r, p a r t ic u la r ly  
i f  th e  d if fe re n c e  from e i th e r  l im it in g  value i s  sm all. In  any case , 
i t  in d ic a te s  a  change in  th e  te im in a tio n  re a c tio n  f 2?om (12) and ( I 3 )
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to  (16) a t  t h i s  c o n cen tra tio n . The form ation  o f dihydrohiphenyls and 
a  la rg e  y ie ld  o f re sid u e  a t  low i s  c o n s is te n t w ith th e  p re d ic tio n , 
from th e  k in e t ic s ,  th a t  te rm in a tio n  i s  e n t i r e ly  hy re a c tio n  (12) and 
( 13)* On th e  o th e r  hand, th e  decom position in  bromobenzene obeys the  
f i r s t  o rd e r law f o r  th e  induced re a c tio n  a t  a l l  peroxide co n cen tra tio n s , 
and th e  product a n a ly s is  showes the  low y ie ld  o f resid u e  and the  apparent 
absence o f d ih y d ro b ia ry ls , in d ic a tin g  th a t  th e  re a c tio n s  (12) and ( I 5) 
a re  unim portant in  t h i s  so lv e n t. A lso, th e  h igh  b ia ry l  and benzoic 
ac id  y ie ld s  in d ic a te  th a t  th ese  p roducts a re  formed in  both propagation  
( 17) and te rm in a tio n  (16) r e a c tio n s . However th e  decrease in  b ia ry l  
y ie ld  a t  low IP I^  values in d ic a te s  th a t  a t  th ese  co n cen tra tio n s , re a c tio n s
( 12) and ( 13) assume some minor im portance.
The main d iffe re n c e s  in  behaviour o f  fluorobenzene, chlorobenzene 
and bromobenzene were thought to  a r i s e  from the  in c re a se s  in  s ta tio n a ry  
co n cen tra tio n  o f  benzoyloxy-rad ic a ls  along t h i s  s e r ie s  which was 
caused by th e  in c re a s in g  ex ten t o f  th e  form ation o f c h a rg e - tra n s fe r  
complexes o f type (IX) between th e se  ra d ic a ls  and the  so lv e n t. Such
( 23)
i f  O.CO'Ph BÎ Ü-CO*Ph
(IX) ,
r  O.CO'Ph
complexes a re  formed more r e a d i ly  w ith  bromobenzene because th e  s t a b i l i t y  
o f th e se  complexes should va iy  in  th e  o rd e r PhP < PhCl < PhBr, s in ce  the 
e le c t r o p o s i t iv i ty  and p o la r i s a b i l i ty  o f halogens v a iy  in  t h i s  sense . 
Therefore on t h i s  b a s is  i t  would be p re d ic te d  th a t  th e  re a c tio n  in  
iodobenzene should be analogous to  th a t  in  benzene. While th e  k in e t ic s
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o f the  re a c tio n  in  iodobenzene have not been in v e s tig a te d , th e  low
aR
y ie ld  o f  re sid u e  which i s  formed in  t h i s  re a c tio n  supports th i s  view
Hence th e  study  o f k in r t i c s  and product a n a ly s is  f o r  the  re a c tio n  
between benzoyl peroxide and benzene le d  to  the  sequence o f re a c tio n
shown bellow#
(a ) (PhCO-O)^ 2 PhCO'O" (26)
(b ) PhC0*0* ------- - Ph* + COg
(c )* PhCO'O' + PhH ------- [PhCO-OPhH]*
(a) Ph. + PhH -> fPhPhÿ]-
(« )* PhCO-0* + (PhCO-O)^ ----- PhCO'OPh + COg + PhCO'O'
( f ) Ph" + (PhCO-O)^ ------> PhCO'OPh + PhCO'O*
(g )* [PhCO*OPhH> + (PhCO.O)^ —4 PhCO"OPh + PhCO'OH + PhCO'O
(h ) frhPheO* + (PhCO.O)^ — -> Ph-Ph + PhCO'OH + PhCO'O'
( i ) * /PhCO.OPhHj' + PhCO-0* — PhCO'OPh + PhCO-OH
( j ) * [PhPhlQ. + PhC0*0* ------- Ph-Ph + PhCO-OH
(k)* 2 IÏ»hCO-OPhH]* — > PhCO'OPhHg +■ PhCO'OPh
(1 ) 2 ( to h îQ . PhPhHg + Ph-Ph
(m)* 2 OPhCO.OPhH]- ------ (PhCO'OPhHjg
(n) 2 iJhPhH]' - 4 (PhPhH)^
♦ in d ic a te s  re a c tio n s  which a re  o f  m inor im portance, because o f  the  
low s ta t io n a ry  co n cen tra tio n  o f benzoy loxy-rad ica l in  bemzene.
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G* Nature o f  Phenyl and Benzoyloxy R adioala
In  an in v e s tig a tio n  w ith  phenyl r a d ic a l  prepared  hy the  re a c tio n
between sodium and iodobenzene in  a  v a r ie ty  o f  m atrices  a t  77°K.
12^B ennett, M iles and Thomas ( I 963) have rev ea led  th a t  th e  unpaired
2
e le c tro n  remains in  the  sp - o r b i t a l  o f the  carbon atom a t  which 
bond s c is s io n  has occured, a lso  th e  e . s . r ,  spectrum o f phenyl ra d ic a l  
has coupling co n stan ts  w ith o r th o -# m eta- and p a ra -pro tons a re  about 
1 .8 , 0 .6  and 0 .2  m T^^^respectively. This c o n tra s ts  w ith  s i tu a t io n  f o r  
T{- r a d ic a ls  where d e lo c a l is a tio n  leah s  to  th e  s p l i t t i n g  co n s tan ts  being 
th e  o rd e r : p a ra >  o r th o ^ m e ta . The mechanism o f in te ra c t io n  in  the  
phenyl r a d ic a l  must involve th e  sigma-bonds o f the arom atic nucleus. 
This lack  o f resonance s ta b i l i s a t io n  i s  r e f le c te d  in  th e  h igh  re a c tiv e  
n a tu re  o f the  phenyl r a d ic a l .
The n ear zero pvalues o f th e  meta - and p ara  -  p o s it io n  o f th e  
Hammett elope^^^ (0#09 f o r  metar- ,  0#31 f o r  meta and p a ra  to g e th e r)  
in d ic a te  the  alm ost n e u tra l n a tu re  o f phenyl r a d ic a ls .  This i s  because 
phenyl r a d ic a l  i s  o f a  cr-type and poor p o la r  c h a ra c te r , the  t r a n s i t io n  
s ta t e  f o r  p hény la tion  would be th e re fo re  more s im ila r  to  a  (r-complex, 
w ith  vezy s l ig h t  c o n tr ib u tio n  o f p o la r  form s. On the  o th e r  hand, 
benzoyloxy ra d ic a ls  a re  e le c t r o p h i l ic  in  nature^^^#
D. Q u a n tita tiv e  S tu d ie s  o f  P h én y la tio n
(a )  C om petitive r e a c t io n s
I f  i t  i s  assumed th a t  th e  form ation  o f a<r-complex i s  th e  r a te  
determ ining  s te p , then  th e  r e l a t iv e  r a te s  o f s u b s t i tu t io n  a t  v ario u s  
s i t e s  in  th e  s u b s tra te  m olecule a re  r e f le c te d  by experim en ta lly  
determ ined p a r tia d  r a te  f a c to r s .
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When benzoyl peroxide i s  allow ed to  decompose in  a m onosubstitu­
te d  d e r iv a tiv e  o f benzene, the  hom olytic phény la tion  p rocess produces 
a  m ixture o f th re e  m onosubstitu ted b ip h en y ls. The p a r t i a l  r a te  fa c to rs  
may be denoted by Po;-, and which can be defined  as num erical 
exp ressions o f r e a c t iv i ty  a t  th e  a-» S r 2 "  p o s itio n s  re sp e c tiv e ly  
in  th e  m onosubstitu ted benzene d e r iv a t iv e ,  compared w ith  th e  r e a c t iv i ty  
o f  any one p o s it io n  in  benzene.
These fa c to rs  can be determ ined by th e  anedysis o f th e  s u b s t i tu t io n  
p ro d u c ts , f i r s t l y ,  from the  r a t io  o f th e  t o t a l  r a te  o f s u b s t i tu t io n
in  th e  m onosubstitu ted s u b s tra te  compared to  th a t  in  benzene, given 
PhXby K, and secondly, from th e  r e la t iv e  p ro p o rtio n s  in  which the  
o r th o - , metar- and p a ra -  isom ers a re  formed in  the  a ry la t io n  o f the  
m onosubstitu ted  benzene. E xpressions lead in g  to  the  p a r t i a l  r a te  
f a c to rs  f o r  m onosubstitu ted benzene a re  given below;
Po -  3-u)-^ “ k
Bn -  3-P-' PM ^
Pp .  6-7t-P“ K
where Id, Jjl €Uid Tf a re  th e  isom er r a t io s  f o r  th e  o r th o - , m eta-  and p a ra -  
isom ers re sp e c tiv e ly .
The method o f determ ining  r e l a t iv e  r a te s  i s  based on th e  competi­
t io n  between two s u b s tra te s  p re se n t in  la rg e  excess, and th e  ex ten t 
to  which th e  group p re sen t in  the  s u b s t i tu t io n  product o r ig in a tin g  
from th e  s u b s tra te  p erm its  c a lc u la t io n  o f  th e  r a te  r a t i o .
Such work has rece iv ed  c a re fu l a t te n t io n  from Hey, W illiam s and 
co-w orkers in  England, DeTar^^^, D annley^^^^and Rondestvedt^ and
t h e i r  co-w orkers in  America, Huisgen and h is  school in  Germany^^^and 
122Simamura in  Japan.
18
Table (1) i l l u s t r a t e s  a number o f r e s u l t s  obtained  by decomposing 
benzoyl peroxide a t  80° in  a  number o f sim ple arom atic s u b s tra te s .
Table (1 )
R e la tiv e  r a te s  and p a r t ia l  r a te  fa c to rs  f o r  the  phény lation  o f arom atic
compound w ith benzoyl peroxide a t  80° .
S u b stra te s  R e la tiv e  Rate 
(PhH -  1)
Isomer R atio {%) 
0^  m—
P a r t i a l  Rate F ac to rs  
Fo F£
PhNOg 2.94 62.5 9 .8 27.7 5.7 0.86 4 .9
PhP 1.03 54.1 30.7 15.2 1.7 0.95 0.86
PhCl 1.06 50.1 31.6 18.3 1.6 1.00 1.2
PhBr 1.29 49.3 33.3 17.4 1.9 1.3 '1 .3
Phi 1.32 51.7 31.6 16.7 2 .0 1.3 1.3
PhMe 1.23 66.5 19.3 14.2 2.5 0.71 1.0
PhBt 0.90 53 28 19 1.4 0.76 1.0
PhPr^ 0.64 31 42 27 0 .6 0.81 1.0
PhBu"^ 0.64 24 49 27 0.46 0.94 1.0
PhPh 2.94 48.5 23.0 28.5 2.1 1.0 2.5
PhCN 3.37 60 10 30 6.5 1.1 6 .5
From above ta b le ,  i t  can be seen th a t  n e i th e r  th e  r a t io  nor the  
p a r t i a l  r a te  f a c to rs  d i f f e r  g re a t ly  from u n ity , and in  th e  absence 
o f  s t e r i c  f a c to r s ,  a l l  s u b s t i tu e n ts  a c t iv a te  th e  nucleus s l ig h t ly  
towards a tta c k  by phenyl r a d ic a ls ,  q u ite  independently  o f t h e i r  
p o la r  c h a r a c te r i s t i c s .
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Although a l l  th re e  isom ers a re  formed in  app rec iab le  amounts, 
again  in  th e  absence o f s te r i c  e f f e c ts ,  th e  o r th o -  isom er i s  formed 
in  g re a te s t  amount. For compounds co n ta in in g  th e  s tro n g ly  a c t iv a t in g  
groups, i . e  n itrobenzene , b e n z o n itr ile  and b ipheny l, th e  p a r t i a l  r a te  
f a c to rs  f o r  the o r th o - , and p a ra -  p o s it io n s  a re  considerab ly  h ig h er 
than  th a t  o f  the  m eta- p o s it io n , which i s  c lo se  to  u n ity  in  a l l  th re e  
ca ses . Thus i t  i s  the  o rth o -  and p a ra -  p o s itio n s  Wiich a re  m ainly 
a f fe c te d  by th e  above mentioned groups. In  th e  o th e r  compounds, again 
in  th e  absence o f s t e r i c  e f f e c ts ,  a l l  th e  p a r t i a l  r a te  f a c to rs  are  
f a i r l y  c lo se  to  u n ity , th a t  fo r  th e  o r th o -  p o s itio n  being th e  h ig h e s t, 
and fo r  th e  m eta- p o s itio n  u su a lly  being th e  low est. However the 
s e le c t iv e  tran sm iss io n  o f th e  a c t iv a t io n  to  th e  o r th o - , and p a ra -  
p o s it io n s  appears to  be le s s  marked than  w ith  the  s tro n g ly  a c tiv a te d  
compounds.
(b ) V a lid ity  o f p a r t i a l  r a te  f a c to rs .
The assum ption made in  th e  form ation o f p a r t i a l  r a te  fa c to rs  i s  
th a t  th e  r a te  o f th e  form ation o f b in u c le a r  p roducts i s  d i r e c t ly  r e la te d  
to  th e  r a te  o f  form ation o f th e  v ario u s  CT- complexes. The v a l id i ty  
o f  t h i s  assum ption could not be c o n te s te d , i f  th e  phény la tion  re a c tio n  
proceeds in  one s te p , but as shown b efo re  th e  re a c tio n  proceeds in  
two s te p s .  Thus i f  th e c r -  r a d ic a ls  a re  no t a l l  o x id ised  to  b ia ry l  and 
s e le c t iv e ly  d iv e r te d  from d i r e c t  o x id a tio n  e .g .  by d im érisa tio n  o r  
d isp ro p o rtio n a tio n  o f (T- complexes to  o th e r  n o n -b ia ry l p ro d u c ts , t h i s  
w il l  ren d er th e  fundamental assum ption no lo n g er v a l id .
I
This p o s tu la tio n  has been p rev io u sly  c r i t i c i s e d  but no d e f in i te  
conclusions have been drawn.
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E l ie l  Meyerson and Wilen ( 1960)^^ have questioned  th e  v a l id i ty  
o f  p a r t i a l  r a te  f a c to rs  as a  t ru e  measure o f r e a c t iv i t i e s  a t  v arious 
p o s it io n s  in  arom atic r in g s , and as  a r e s u l t  o f t h e i r  work w ith 
d e u te ra te d  benzene some iso to p ic  d isc r im a tio n  was rev ea led , and 
a t t r ib u te d  to  th e  com petition  between th e  re a c tio n  invo lv in g  hydrogen 
a b s tra c tio n  from the  <r- complexe and s id e  re a c tio n s  lead in g  to  non- 
b ia iy l  p ro d u c ts .
W alling (l957)^^fLy^o^ and Pausacker (1957)^^ p rev io u sly  c r i t i c i s e d  
th e  concept w ithout experim ental evidence and subsquently  fu r th e r  
doubts were ra is e d  on th e  tru e  v a l id i ty  o f p a r t i a l  r a te  f a c to rs  by 
E berhard t and E l ie l  ( 1962)^^, who found th a t  th e  presence o f oxygen 
t re b le d  th e  y ie ld  o f b ia r y l .
( i )  E ffe c t o f oxygen
M orrison, Gazes, Samkoff and Howe ( 1962)^^ in v e s tig a te d  the  
e f f e c t  o f  oxygen f u r th e r  and proposed a  g en era l mechanism based on 
having oxygen p re sen t du ring  th e  decom position o f  benzoyl peroxide 
in  an arom atic so lv en t
(a )  (ArGO'O)g
(b) ArGO'O* —
(c )  Ar* + Ar'H
2 ArGO'O"






(d ) [ArAr'fi]* + ox. agent ----->•  (27)
(e )  2(ArAr»H]* ----- -
( f )  2[ArAr»^*  » r'  Ar-Ar*
(g) ArAr*Hg + ox. agent -
The presence o f o x id is in g  agen ts  i s  seen as in c re a s in g  the  re a c tio n  
r a te s  o f  s te p s  (d ) and (g ) ,  a t  th e  expense o f  s te p s  ( e ) ,  ( f )  and o th e r
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s id e  re a c tio n s . The r e s u l t  i s  th a t  more benzoyloxy—ra d ic a ls  a re  
a v a ila b le  f o r  subsecjuent p hény la tion .
In  a  system atic  a t te n ç t  to  c l a r i f y  th e  s i tu a t io n  Morrison and 
CO—workers re—determ ined the  p a r t i a l  r a te  fa c to rs  in  a  number of 
arom atic systems both in  the  presence and absence o f oxygen.
T heir r e s u l ts  a re  shown in  Table ( 2 ) ,  and i t  c le a r ly  showed 
th a t  although the  presence o f  oxygen in c reased  th e  conversion o f 
ary lcyclohexadienyl ra d ic a l to  b ia ry l  by as much eu3 th re e  fo ld , th e re  
was no s ig n if ic a n t  change in  th e  isom er r a t io s  o r  r e la t iv e  r e a c t iv i t i e s .  
Thus, on t h i s  bases i t  can be sa id  th a t  th e  s id e  re a c tio n  o f (f — complexes 
a re  non—s e le c tiv e  and the r a te  d a ta  in  the absence o f oxygen do provide 
r e l ia b le  in fo rm ation  concerning th e  r e la t iv e  r e a c t iv i t i e s  a t  th e  0- ,  
m- and p -  s i t e s  towards hom olytic a ry la t io n .
Table (2 )
A ry la tio n  o f in  P resence and absence o f oxygen
S u b stra te Oxygen Y ield  o f B ia iy l 
m/m peroxide
Isomer R atio  (^) 
c— m—
T otal Rate 
PhH -  1
PhOMe — 0.50 69.8 14.7 15.6 1.99
PhOMe + 1.35 69.8 14.5 13.8 2.01
PhBr - 0.33 56.2 27.3 I 6 .3 1.14
PhBr + 1.58 55.2 28.8 16.0 1.11
PhNOg - 0.19 63.2 9 .7 27.1 2.95
PhNOg + 0.63 62.8 9.7 25.7 2.89
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I t  i s  known th a t  phenyl ra d ic a ls  a re  not very re a c tiv e  towards 
127oxygen . Therefore the oxygen i s  thought to  a b s tra c t  hydrogen 
from (T- in te rm ed ia te , presumably by the  form ation o f a  hydroperoxide 
r a d ic a l ,  which could b rin g  about th e  o x id a tio n  o f a n o th e rc — rad ica l#
(a )  PhC Æ  + 0-  » P h-C .a . + HO,6 6 2 6 6 2 ( 28)
(b) PhCgHg + HOg   ^ HgOg + Ph'CgSg
Hydrogen peroxide has been d e tec ted  in  th ese  re a c tio n s   ^ •
T h e o re tic a lly  two moles o f biphenyl p e r mole o f benzoyl peroxide
could be formed in  th e  presence o f oxygen. The benzoic ac id  formed
in  t h i s  re a c tio n  i s  u n affec ted  by oxygen. Some phenol i s  a lso  formed
128in  t h i s  re a c tio n , w ith  h ig h er y ie ld s  a t  low er tem perature .
The above observ a tio n  i s  a t t r ib u te d  to  the  h ig h er s o lu b i l i ty  
o f  th e  gas a t  lower tem perature and more e f f ic ie n t  tra p p in g  o f phenyl 
r a d ic a ls  by i t .
P h ' + Og -------- ¥ Ph-0 '0*   ^ PhOH (29)
( i i )  E ffe c t o f nitro-compounds and e le c tro n  accep to rs
The e f fe c t  th a t  the  presence o f  n i tro-oompound in  re a c tio n s  
in v o lv in g  benzoyl peroxide as p h en y la tin g  source in c re a se s  th e  y ie ld  
o f  b ia iy l  was f i r s t  brought to  a t te n t io n  by Auggod and W illiams (1957)^^« 
I t  was l a t e r  shown th a t  only a  c a ta ly t ic a l  amount o f  nitro-compound 
was necessary  and while the y ie ld s  o f b ia ry l  and a ro ic  ac id  were 
g re a t ly  in c re a sed , th e  form ation o f re s id u es  and d ih y d ro b ia ry ls  
were g r e a t ly  suppressed and th e  nitro-com pound was alm ost t o t a l l y  
reco v erab le  a t  th e  com pletion o f th e  r e a c t io n .
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The r e s u l t s  o f the  e f fe c t  o f nitro-compounds on the  decom position 
o f  benzoyl peroxide in  benzene a re  g iven in  Table (3 ) .
'Table (3)
Y ields o f benzoic ac id  and biphenyl from th e  decom position o f  1g. o f
benzoyl peroxide in  100ml. o f  benzene a t  80° in  presence o f a d d itiv e .
A dditives (mg)
Y ield  (m/m peroxide) 
Benzoic ac id  Biphenyl
PhNO (100) 0.75 0.65
PhNO ( 300) 0.93 0.83
PhNO (12) 0.92 0.86
PhNH OH (7) 0.99 0.88
PhNH OH (20) 0.96 0.78
PhN(NO)Mo (100) 0.53 0.61
N il 0 .22 0.36
Although th e  above phenomenon i s  ex p licab le  in  term s o f th e  n i t r o -
100compound being a  "hydrogen atom c a r r ie r "  i t  has been shown th a t  th e
101e f fe c t iv e  c a ta ly s t  i s  th e  corresponding nitroso-compound , vdiich 





PhNO^  + Ph*
Ph NO/ + [PhArH]<
Ph^N'OH + (PhCO'O)^ 
Ph^N.OH + PhCO'O' -
PhgNOf
Ph-Ar + Ph N'OH 
» ^




lu  viiatever e d a c i t y  th e  n itro -g ro u p  o p e ra te s , i t s  a p p lic a tio n  
can be used to  t e s t  th e  v a l id i ty  o f th e  assum ption concerning the  
f a te  o f th e  cT- complexes* This in v o lv es  th e  measurement o f th e  isom er 
r a t io s  fom ed  from a  g iven su b s tra te  in  th e  presence o f nitro-compound* 
Hey, P e ik in s  and W illiams (1963)^^ ap p lied  in  th e  case o f f lu o ro ­
benzene, t h e i r  r e s u l t s  vMch a re  g iven  in  Table (4 ) in d ic a te  th a t  th e  
r a t io  o f isom ers i s  not s e r io u s ly  a f fe c te d  by res id u e  form ation , and 
th e  y ie ld  o f  b ia iy l  being in c reased  from O.48 to  0 .8  o f a  mole p e r 
mole o f peroxide used
Table ( 4 )
Isom eric fluorobiphenys ob ta ined  from th e  decom position o f  benzoyl 
peroxide (3g) in  fluorobenzene ( 100ml).
Y ield o f Fluorobenzene Isomer Ratio
S u b stra te  (m/m perox ide) £  -  m -  £  -
None 0.48 54.1 30.7 15.2
m -D initrobenzene (0 .3 g ) 0 .8  33.8  32.6 13.6
O ther e le c tro n  accep to rs  a lso  c a ta ly se  th e  o x id a tio n  o f c -  complexes 
by producing b en zo y lo x y -rad ica ls .
R eaction between benzoyl peroxide and benzene in  th e  presence
59o f a  number o f e le c tro n  accep to r m olecule have been rep o rted  by H all . 
The r e s u l t s  on Table ( 3 ) show th a t  a l l  th e  e le c tro n  accep to rs  w ith  
th e  exception  o f nitrom ethane b rin g  about a  la rg e  in c rea se  in  the 
y ie ld  o f b iphenyl and benzoic a c id , but th e re  appears to  be no simple 
re la t io n s h ip  between th e  e f fe c tiv e n e s s  o f th e  a d d itiv e s  and th e i r
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e le c tro n  a f f i n i t i e s .
Table_(s2
E ffe c t o f a d d itiv e s  on the  decom position o f benzoyl peroxide in  
benzene a t  80°.
E lec tro n  C oncentration C oncentration Product 
Acceptor o f X o f Peroxide Biphenyl Benzoic Acid 
X (m o le /lit .x 1 0 ^ )  (m o le /lit .x 1 0 ^ )  (mole/mole Peroxide)
None — 8.33 0.28 0.42
None - 5.50 0.28 0.50
Nitrobenzene 10.7 8.33 0.70 0.67
m -D initrobenzene 8 .0 8.33 0.92 0.9
sym -Trinitrobenzene 6.7 5.50 0.95 0.94
Nitromethane 22.0 8.33 0.30 0.28
Tetran itro m eth an e 6.7 5.50 0.69 0.77
Te t  reusyanoe thy  1 ene 10.7 8.33 0.74 0.85
£ -C h lo ra n il 6.7 5.50 1.00 0.96
£ -C h lo ran il 5 .5 8.33 0.92 0.75
Iod ine 6.7 5.50 0.54 0.61
( i i i )  The e f fe c t  o f t r a n s i t io n  m etal io n s .
Since Ssuidmeyer in  I 884 observed th a t  a ry l h a lid e s  could be 
produced by the cuprio  h a lid e  red u c tio n  o f a ry l diazonium s a l t s ,  
th e re  has been considerab le  in t e r e s t  in  the  use o f m etal s a l t s ,  both 
as r e a c ta n ts  and c a ta ly s ts ,  in  o rgan ic  chem istiy . In  th e  f re e - r a d ic a l  
f i e ld ,  o x id a tio n -red u c tio n  systems com prising perox ides and s a l t s
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o f m etals e x h ib itin g  v a ria b le  valency a re  w ell known as v in y lic  
po lym erisa tion  i n i t i a t o r s .  The f re e  ra d ic a ls  produced in  such systems 
can r e a c t  w ith  the  so lv e n ts , o r  can d im erise , d isp ro p o rtio n a te  o r be 
o x id ised  o r reduced by the  m etal io n s , the  peroxide them selves can 
undergo rearrengem ents o r can re a c t c a ta ly t i c a l ly  w ith th e  so lv en t.
Eoeseken s tu d ied  the e f fe c ts  o f aluminium ch lo rid e  and
f e r r i c  ch lo rid e  on th e  decom position o f benzoyl peroxide in  benzene, 
and observed th a t  the  aluminium s a l t  (1 mole) caused re a c tio n  a t  0° to  
produce one mole o f benzoic a c id , one mole o f phenyl benzoate and no 
carbon d iox ide p e r mole o f perox ide. He suggested th a t  the  re a c tio n  
took p lace  according to  equation  ( 3 l ) .
( 31) (C^H^CO-O)  ^ + C^H^(AICI^)^ > C^ H^ CO'OH + C^ H^ CO'OC^ H^
The b e s t known example o f th e  use o f m etal s a l t s  to  genera te  f re e  
r a d ic a ls  i s  th e  use o f F en to n 's  reagen t as a m ild o x id is in g  agen t. The 
mechanism o f th e  c a ta ly t ic  decom position o f hydrogen peroxide by iro n  
s a l t s  has been p o s tu la te d  by Haber auid Weiss^^ to  involve as one of the  
chain  ca rry in g  s tep s  o n e -e lec tro n  red u c tio n  o f the  peroxide by fe rro u s  
s a l t
(32) ROOH + Fe^* --------------------- ^ HO* + + Fe^*
Merz and Waters (1949)^^ and l a t e r  Coffman (195&)^^ used 
F en to n 's  reag en t in  aqueous s o lu tio n , to  b rin g  about th e  d im éri­
s a tio n  o f f re e  ra d ic a ls  formed by the  a c tio n  o f hy d ro x y -rad ica ls  
on m onofunctional a l ip h a t ic  and arom atic compounds. Under appro­
p r ia te  co n d itio n  o f d i lu t io n  and pH, a wide v a r ie ty  o f compounds 
undergo o x id a tiv e  coupling by h y d ro x y -rad ica ls  a t  o rd inary  
tem p era tu res . In  th i s  p rocess the a b s tra c tio n  o f hydrogen atom
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(n o t n e c e s sa r ily  a c tiv a te d )  bound to  carbon i s  follow ed by the  
d im érisa tio n  o f th e  ra d ic a ls  so formed : -
(a )  EH + HO'   ^ R* + H^ O
(b) R* + HgOg ---------► ROH + -OH
(c )  R* + HO*  y ROH
(d) 2R-  ^ R-R
(33)
In  t h i s  way biphenyl was ob ta ined  by benzene and b ibenzyl 
from to lu en e  to g e th e r  w ith  th e  re sp e c tiv e  phenols, but no b i a ry ls  
were d e tec ted  in  th e  corresponding re a c tio n s  w ith chlorobenzene 
and n itro b en zen e . This was a t t r ib u te d  to  th e  f a c t  th a t  th e  ra d ic a ls  
genera ted  in  both  cases would be d ip o le s , owing to  t h e i r  s u b s t i tu e n ts ,  
and th a t  t h e i r  com bination in  p a ir s  would have to  overcome e le c tro ­
s t a t i c  rep u ls io n s  between l ik e  charges, a  circum stance which would 
no t a r is e  in  t h e i r  re a c tio n s  w ith  hydroxy ra d ic a ls .
4-
(34) C l - (  > '  •< V-Cl Cl— . * O-H
Such re a c tio n s  w ith  F e n to n 's  reagen t were shown not to  be 
chain  r e a c tio n s , and each mole o f re a c te d  a l ip h a t ic  o r  arom atic 
compound req u ired  one mole o f  hydroxy r a d ic a ls .
The o x id a tio n  o f benzene and to lu en e  by F en to n 's  reagen t 
was re - in v e s t ig a te d  in  some d e ta i l  by Smith and Norman (1 9 ^ 3 )^  
and th e  conclusion  was drawn th a t  f re e  r a d ic a ls  were not produced 
in  th e se  r e a c tio n s , owing to  th e  absence o f a  hydrogen iso to p e  
e f f e c t  in  th e  fo rm ation  o f bo th  phenol and biphenyl when benzene 
and hexadeuterobenzene are . s e p a ra te ly  o x id ised . In  th e  suggested
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mechanism, a h y d ro x y l-rad ica l f i r s t  adds to  benzene to  form a 
re so n an ce -s ta b lized  adduct (3$b ), which then  d im erises (35g) 
d isp ro p o rtio n a te s  (3 5 f) ,  o r  i s  o x id ised  by f e r r i c  ion  o r oxygen 
to  produce the  f in a l  p roducts b iphenyl (35@) and phenol (35&)
(a )  + HgOg Pe-^ + OH + HO-
(b ) HO- +
(o ) (X) +
(d ) (X) + P e ^
H OH H OH H OH
(e ) (XI) H, accep to r =2°
(f) 2 (X)
(« ) 2 (X) ' /  \ - / /  \  + 2 HgO
Kharasch and h is  s tu d en ts  in  a  s e r ie s  o f papers beginning 
in  1958 found th a t  tra c e s  o f copper u su a lly  as cuprous ch lo rid e  
o r  bromide, and to  some ex ten t o th e r  t r a n s i t io n a l  m eta ls , profoundly
i
a l te r e d  th e  couse o f re a c tio n  between o rgan ic  peroxide and a 
v a r ie ty  o f  o rgan ic  s u b s tr a te s .  In  the  re a c tio n  o f  benzoyl peroxide 
w ith  o le f in s ,  he showed th a t ,  in  the  presence o f cuprous s a l t s .
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th e  ta iy  re sid u e  i s  g re a tly  decreased# The v ie ld  o f benzoic ac id  i s  
enhanced and th e re  i s  an in c rease  in  th e  degree o f u n sa tu ra ted  adduct 
obtained# This suggested th a t  cuprous s a l t s  f a c i l i t a t e d  the te rm in a tio n  
reac tion#  With h in d s ig h t, th ese  observ a tio n s  were ex p licab le  by the 
o x id a tio n  o f the  ra d ic a l by copper s a l t s .  From th ese  s tu d ie s , Kharaach 
a r r iv e d  a t  the  conclusion th a t  a  carbon ra d ic a l  could form a fre e  
ra d ic a l  complex w ith oxygen, n itro g e n , hydrogen and even w ith a carbon- 
hydrogen bond in  the presence o f a copper sa lt#
( 36) R- + R»H + Cu  ^ ------------> [cuRR'h]
R ecently , Kochi^^has c la s s i f ie d  th e  o x id a tio n  e f fe c te d  by m etal s a l t  
in to  l ig a n d - tra n s fe r (a )  and e le c tro n - tr a n s f e r  (b) by analogy w ith  in n e r 
sphere and o u te r  sphere mechanism developed by Taube^^^ to  describ e  
redox re a c tio n  in  in o rg an ic  system s.
(a )  R ' + CuClg  > RCl + CuCl
(b) R* + Cu^ "^   > R  ^ + Cu^
Ligand t r a n s f e r  mechanisms invo lve t r a n s f e r  o f a  group o r an atom 
e .g .  ch lo rin e  in  (a )  from the  m etal complex to  the  ra d ic a l  through a 
b ridge  t r a n s i t io n  s ta t e .  H alides and pseudohalides a re  good t r a n s f e r  
a g en ts , su lp h a te  and p e rc h lo ra te  a re  not good b rid g in g  l ig a n s , while
69carb o x y la te , alkoxide and hydroxide a re  o f in te rm ed ia te  a c t iv i ty  
The m etal ions F e ( l l l ) ,  C r(V l), P t(lV  ) and Pb(lV) have been used in  the 
p re lim in ary  studies^^# The e le c tro n  t r a n s f e r  mechanism invo lves a 
d i r e c t  t r a n s f e r  o f e le c tro n s  from the  r a d ic a l  to  the  m etal ion  w ith  
th e  p roduction  o f a carbonium ion  which undergoes subsequent re a c tio n  
to  g ive s ta b le  products# The product com position can a lso  be used
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to  provide evidence o f the  in term ediacy o f carbonium ion# Thus the  
o x id a tio n  o f cyclobu ty l ra d ic a ls  by Pb(lV) g ives the  same m ixture 
o f a c e ta te s  as th a r  obtained  in  so lv o ly s is  proceeding th e  carbonium
The ease o f o x id a tio n  of a  r a d ic a l  to  a  carbonium io n  depends 
on the  o x id a tio n  p o te n tia l  o f both the  r a d ic a l  and th e  o x id an t. The 
o x id a tio n  p o te n t ia l  o f the  r a d ic a l  i s  la rg e ly  c o n tro lle d  by the  a b i l i t y  
o f th e  group a ttach ed  to  the te rv a le n t  carbon to  s ta b i l i s e  the  develop­
in g  p o s it iv e  charge# In  Accordance w ith  t h i s ,  £7methoxybenzoyl ra d ic a ls  
a re  much more re a d ily  ox id ised  by Pb(lV) than  benzyl ra d ic a ls^ ^ , owing 
to  th e  s ta b i l i z in g  e f fe c t  o f the  methoxy group on the  g-methoxy benzyl 
cation#  Any s ta b i l iz in g  e f fe c t  th e  methoxy group had on th e  ra d ic a l  
would be less#  These r e s u l ts  suggest th a t  th e re  i s  co n sid e rab le  develop­
ment o f  oairbonium ion c h a ra c te r  in  th e  t r a n s i t io n  s ta te  in  e le c tro n -  
t r a n s f e r  o x id a tio n  o f rad ica ls#
Kochi^^ argued th a t  c la s s i f ic a t io n  o f th ese  two p rocesses in to  
d is c r e te  c a te g o rie s  was a rb itrazy #  I t  was conceivable th a t  th e  re a c tio n s  
proceeded through r e la te d  t r a n s i t io n  s ta te s  in  which th e  resonance 
c o n tr ib u tio n s  from e le c tro n  t r a n s f e r  and lig an d  t r a n s f e r  v a ried  not 
only  w ith the  s tru c tu re  o f the  f re e  r a d ic a l , but a lso  w ith  the  id e n t i ty  
o f  the  m etal sp ec ies  and counter-ion# He proposed the  fo llow ing  g en era l­
is e d  t r a n s i t io n  s ta te  fo r  th ese  o x id a tio n  reac tions#
(37) CHgCHg X-M*“ CHg-CSg -»  '^2^2 X-Cu* -» CHgCHg-XM^ "^"’ ^
H H H.
i
W alling has proposed a  mechanism f o r  th e  co pper-ca ta ly sed  
re a c tio n  o f p e re s te r s  w ith  hydrocarbons s im ila r  to  th a t  evoked by Kochi#
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(a )  CH^CO'OOBu* + Cu  ^ ---------- > CH^C0‘0“  + Cu^ '*' + t-BuO*
(b ) t-BuO. + RH   ^ t-BuOH + R*
(c )  R* + Cu^ '*'   ^ R*" + Cu" ( 38)
(d) R*" + CH^C0*0"  > RO-OC*CH  ^ o r
(e )  R* + Cu '^^0*0C»CH  ^  > RO*OC*CH^  + Cu^
A number o f o th e r  s tep s  to  the  sequence would a lso  be involved , to  
compete w ith  th e  main sequence, in flu en c e  i t s  t o t a l  r a t e ,  and account 
f o r  v a rio u s  by-products# These in c lu d e  therm al decom position o f the  
o r ig in a l  perox ide: —
( f )  CH^CO-O-OC(CH^)^ — ^ (CH^)^CO* + CH^ CO^ O* ------ ^ CHy + CO^  ,
red u c tio n  o f th e  in te rm ed ia te  a lk o x y -ra d ica l: —
(g )  (CH,)jCO- + Cu^ --------- 1 (CH^)jCO* + ,
- s c is s io n  o f th e  a lk o x y -rad ica l probably  follow ed by o x id a tio n  o f 
th e  r e s u l t in g  m e th y l-rad ica l: -
(h ) (CH^)^CO--> CH^CO.CH  ^ + CHy
+ Cu^ '*’ + CH-C0*0"------^ CH,0*C0GH, + Cu  ^ ,
3 3 3 3
and coupling  ( o r  d isp ro p o rtio n a tio n  ) o f  a l k y l  ra d ic a ls :  —
( i )  2R<  ^  R-R
The in flu en c e  o f s te p  38 (h) i s  shown by th e  o b serv a tio n  th a t  th e
re a c tio n  o f t - b u ty l  perbenzoate in  an i n e r t  so lv en t (benzene) y ie ld s
m ethyl benzoate in  34^ y ie ld ^ ^ ^ . '
C a ta ly s is  o f th e  re a c tio n  by copper s a l t s  i s  in o p e ra tiv e  i f  the
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peroxide re a c ts  w ith the  cuprous s a l t  in  th e  absence o f s u b s tra te s ,  
which can eict as hydrogen donors towards oxy—rad ica ls#  In  th e se  cases 
no carbon ra d ic a l  i s  formed (w ith  th e  excep tion  o f fragm entation  
p roducts  o f th e  o x y -ra d ica l) ,  and no ro u te  i s  a v a ila b le  f o r  regene­
r a t io n  o f cuprous ca ta ly s t#  The predominant ro u te  o f th e  re a c tio n  in  , s. 
th e se  circum stances i s  th e  therm al decom position o f peroxide^^*
In  o rd er to  m aintain  c a ta ly s is  i t  i s  necessary  to  form in te rm ed ia tes  
vdiich a re  o x id ised  by cup ric  s a lts#  For eveiy  ra d ic a l  te rm in a tio n  
re a c t io n , such as r a d ic a l- r a d ic a l  d im é risa tio n  which occurs w ithout 
in v o lv in g  cu p ric  s a l t s ,  a  corresponding peroxide m olecule must undergo 
therm al d isso c ia tio n #  In te rm ed ia te  cases in  which generated  ra d ic a ls  
a re  o x id ised  by cu p ric  s a l t s  in  com petition  w ith t h e i r  mutual a n n ih ila ­
t io n  ( o r  re a c tio n  w ith an oxy-rad i c a l)  re p re se n t mixed therm al and 
c a ta ly t i c  processes#
The e f f e c ts  o f  copper benzoate and c o b a lt naphthenate on th e  
decom position o f  benzoyl peroxide in  benzene and chlorobenzene have 
been s tu d ie d  by Hey, Liang and Fericins (19^9)*^\ sind from t h e i r  
r e s u l t s  shown in  Tables (6) and ( 7 ) i t  can be seen th a t  th e  y ie ld s  
o f  b i a iy l  and a ro ic  a c id  were in c reased  by th e  presence o f add itives#
Table (6 )
Products from th e  decom position o f  benzoyl peroxide ( lg )  in  benzene ( 100ml) 








Cupric Benzoate ( 50) 












o r  an equim olar benzene-chlorobenzene m ixture a t 80° in  the presence
o f  cu p ric benzoate o r a i r . •-
Solvent
(100ml)




Isomer r a t io  
2i“
PhCl/PhH
PhCl N il 0.42 0.45 53.5 25.8 20.7 —
PhCl/PhH N il not determ ined 0.46 54.3 24.7 21.0 1.13
PhCl (PhCO'O)gCu C 0.78 58.9 23.1 18.0 - '—
PhCl/PhH j  * 0.79 58.0 24.1 17.9 1.47
PhCl N il(under a i r )  0.35 ca. 1 .0 55.5 27.3 17.2 ~—■
PhCl/PhH " not determ ined c a .0.95 55.4 27.4 17.2 1.30
A mechanism analogous to  Kochi and W allin g 's  scheme was suggested: -
( a )  (P h C O 'O )g  + Cu*
(b ) PhCO'O-
(c )  Ph- + PhH
(d) <r — complex + PhCO OCu2+
PhCO'OCu + PhCO'O'
Ph. + COg 
cr — complex
Ph-Ph + PhCO. OH + Cu^
(39)
Kochi and G illio n  ( 1964)?^ have observed th e  e f f e c t  o f copper 
a c e ta te  on th e  decom position o f d i-o-phenylbenzoyl peroxide in  a c e t ic  
acid-benzene so lu tio n s  idiich were shown to  g ive  sdmost q u a n ti ta t iv e  
y ie ld s  o f c-phenyl benzoic ac id  and benzocumarin, compered w ith  y ie ld s  
o f  ca 40^  in  the  absence o f copper io n . No cage o r  d im é risa tio n  p roducts
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from the  decom position of the peroxide o r p roducts o f ra d ic a l  chain 
t r a n s f e r  re a c tio n s  were observed in  the presence o f cup ric  sa lts*
Benzoyloxylation of to luene by benzoyl peroxide in  the  presence 
o f cu p ric  ch lo rid e  have been rep o rted  by Kovacic and Kurz , w ith 
a c e ta n i t r i l e  as so lv en t. Tolyl benzoates were found in  f a i r  y ie ld  
(c a . 0 .4  mole/mole peroxide) and the  ty p ic a l  e le c tro p h i l ic  s u b s t i tu t io n  
p a t te rn  ($6^ o -j m ;^ 2 ^  ^ )  led  to  suggestion  th a t  the re a c tiv e
sp ec ies  i s  PhCO^^ formed by re a c tio n  ( 40): —
( 40) PhCO'O- + Cu^ "^   > PhCO'-O'^  + Cu'*'
the  f u l l  scheme being co n s is te n t w ith  fo llow ing  sequence; -
(a )  Cu"^  + (PhCO-O)^ -----------> Cu '^^O-OCPh + PhCO-Q.
(b ) PhCO'O' + ArH + Cu^'^O-OCPh— ^ ArO'OCPh + PhCO'OH + Cu^
An a l te rn a t iv e  p a th , c o n s is tin g  o f re v e rs ib le  a t ta c k  on th e  aomatic
s u b s tra te  by a benzoy loxy-rad ica l, w ith  subsequent o x id a tio n  of the
V
re s u l t in g  complex by cupric  ion  was a lso  observed.
+ +( 42) PhCO-0- + ArH — A PhCO.OArH* —  ^ PhCO'OAr + H + Cu
D a illy  (1960)^^ c a r r ie d  out th e  decom position o f benzoyl peroxide 
in  v a rio u s  arom atic so lv e n ts , in  the  presence and in  th e  absence o f 
f e r r i c  benzoate , emd i t  was shown th a t  f e r r i c  benzoate was, a  convenient 
a d d it iv e ,  causing  veiy  g re a t in c re a se s  in  b ia iy l  y ie ld s .  I t  was suggested 
th a t  Pe ( i l l )  ion  c a ta ly sed  th e  o x id a tio n  o f  complex by benzoyloxy 
r a d ic a ls ,  hence p reven ting  t h e i r  d im é risa tio n . The fo llow ing  mechanism 




(o) Ph' + PhH
(d) {ph -PhH]* + PhCO- O'
(e ) [Ph PhH]' + F e ^
( f ) PhCO-O' Fe^”**
(g) PhCO-O" + H"*"
(h)* 2%Ph'PhH]. —^  dim<
2 PhCO'O'
-> Ph ' + CO,
[Ph-PhH]*
(43)
-> PhCOgH + Ph'Ph 
-> Ph-Ph + + Fe^"^
^  PhCO.O" + F e ^
-y PhCOgH
(h)*  -  p lays a veiy  minor p a r t
In  an exhaustive survey on the e f f ic ie n c y  o f t r a n s i t io n  m etal
75s a l t s  to  a c t as tra p s  fo r  organic f r e e - r a d ic a ls ,  K riens came to  a 
number o f g en era lized  conclusions.
For the  re a c tio n  o f 2-cyano-2-propyl r a d ic a l ,  generated  from 
2 ,2 * -azo -b is  is o b u ty r o n i t r i le ,  in  benzene so lu tio n  and in  th e  presence 
o f t r a n s i t io n  m etal c h lo r id e s , th e re  was ap p aren tly  no g en era l r e la t io n ­
sh ip  between th e  a b i l i t y  o f m etal s a l t  to  tra p  r a d ic a ls  and i t s  red u c tio n  
p o te n t ia l  o r  e le c tro n e g a tiv i ty .  Also th e  apparent o rd e r o f a b i l i t y  
to  produce the  a ry l h a lid e  product was, F e ^  Te^^ S b ^ }  Cu^^ Mo^^
Ti^^ and fo r  th e  an ions, tra p p in g  a b i l i t y  decreased  in  the  o rd e r, 
B r) Cl )  SCN ^ RCOg) CN) OCH ,^ GH .^ This o rd e r was thought to  r e f l e c t  the 
a b i l i t y  o f th e  anion to  form a  lig an d  b rid g e  in  the  t r a n s i t io n  s ta t e .  
N eutral lig an d s  were s a id  to  in c re a se  th e  e le c tro n  d e n s ity  around the  
m etal c a tio n  and to  improve i t s  a b i l i t y  to  form a t r a n s ie n t  ^-com plex 
w ith  the  ra d ic a l  invo lved , th ese  p o s tu la te s  being  c o n s is te n t w ith 
th e  observed tra p p in g  e f f ic ie n c y  o f the s e r ie s  CuClg"2Py} FeCl^'ôH^O 
> CuClg'gHgO) F eC l,)  CuClg .
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Kamita  and Ingold have s tu d ied  the  c a ta ly t ic  e f fe c ts  of
manganese, copper, n ic k e l, and iro n  decanoates on the au to x id a tio n  
o f t e t r a l i n  and have observed th a t  the  maximum ra te  o f o x ida tion  
i s  p ro p o rtio n a l to  the square roo t o f the  c a ta ly s t  co n cen tra tio n s .
This l im i t  was p a r t i a l ly  co n tro lled  by the  c a ta ly s t  s o lu b i l i ty .
T h e ir r e s u l t s  supported the  view th a t  chain  i n i t i a t i o n  in  these  
re a c tio n s  occured by the  slow decom position o f a  ra p id ly  formed 
m etal ca ta lys-hydroperox ide  complex.
E. O ther Sources of Benzoyloxy o r Phenyl R ad ica ls.
(1 ) Lead Tetrabenzoate
Hey, S t i r l in g  and Williams (1954)^^ showed th a t  lead  te trab en zo a te  
decompose in  arom atic so lv en ts  a t  125—130°C to  g iv e .p ro d u c ts  o f phenyl- 
l a t io n  o f th e  so lv e n t. The r a t io  o f isom eric  n itro b ip h en y ls  formed 
by p hény la tion  o f n itrobenzene w ith  lead  te tra b en z o a te  was c lo se  to  
th a t  ob ta ined  w ith  benzoyl peroxide under s im ila r  co n d itio n s . Phenyl 
ra d ic a ls  a re  considered  to  be formed from lead  te tra b e n z o a te  by 
re a c tio n s  (4 4 ).
(a )  Pb(O'CO'Ph). ------------ y Pb(O'COPh) + 2PhC0*0-
^  (44)
(b ) PhCO'O*  Ph. + COg
( 2) Phenyl lodosobenzoate
Decomposition o f phenyl iodosobenzoate in  n itrobenzene a t  125
has been shown to  r e s u l t  in  the form ation o f isom ers o f n itro b ip h e n y ls ,
in  a  r a t io  s im ila r  to  th a t  found from benzoyl peroxide a t  the  same 
78 79tem perature  * .
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(a )  Phl(O 'CO 'Ph).  > Phi + 2PhC0*0*
(45)
(b) PhCO-0.  > Ph* + CO.
The d e ta i le d  s tu d ie s  o f the  re a c tio n s  o f phenyl iodosobenzoate
80by L e ffe r , M itchell and Menon ( I 966) showed th a t  although the 
re a c tio n  i s  in  p a r t  a ra d ic a l re a c tio n , i t  i s  by no means a  simple 
ex tension  o f  th e  re a c tio n  o f benzoyl perox ide . With chlorobenzene 
th e  y ie ld  o f phenyl benzoate i s  h ig h er than  in  the  peroxide re a c tio n  
and th e  phenyl m oiety o f the  e s te r  comes e x c lu s iv e ly  from the  iodo- 
benzene frgment o f the  phenyliodoso d ibenzoate  and not a t  a l l  from 
th e  decarboxy la tion  o f the benzoyloxy-groups. I t  was observed th a t  
th e  presence o f w ater in  sm all amounts c a ta ly se d  the  decom position 
o f phenyl iodosobenzoate, and both  the  r a te  and th e  amount decomposed 
in  th e  f a s t  i n i t i a l  re a c tio n , v a ried  according  to  the^amount o f w ater 
p re se n t.  Water led  to  lower y ie ld s  o f bieuryl and phenyl benzoate 
in  th e  p roducts o f the  re a c tio n .
( 3) S i lv e r  H alide Dibenzoate
When s i l v e r  iod ine dibenzoate i s  hea ted  w ith  n itrobenzene o r
chlorobenzene a t  130? a  m ixture of n i tro b ip h en y ls  o r  chiorobiphenyls
81i s  ob tained  in  about 20^ y ie ld  . The isom er r a t io s  found in  the 
m ixture o f ch lorobiphenyls correspond c lo se ly  to  th a t  ob ta ined  from 
the  re a c tio n  o f  benzoyl peroxide w ith chlorobenzene. Decomposition 
in  benzene give 2^'^  y ie ld  o f b iphenyl.
AgX(O'CO'Ph). ------------^  2PhC0'0' + AgX ( 46)
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(4) E le c tro ly s is  of Benzoic Acid
(a ) PhC0*0^  > PhCO'O" + e
/ \ (447)
(b) PbCO'O'   ^Ph« + COg
U nfortunaiy th i s  method does not lend i t s e l f  e a s ily  to  phénylation  
re a c tio n s  in  non-aqueous media, but the re a c tio n  has been su c ce ss fu lly
82used in  the  phénylation  o f p y rid in e  , which g ives r e s u l t s  in  good 
agreement w ith those obtained  in  phény la tion  re a c tio n s  by o th e r  methods.
O xidation o f arom atic carboxy lic  ac id s  has a  mechanism a l l i e d  
to  th a t  o f the e le c tro ly s is  of arom atic a c id s , s in ce  both  processes 
depend upon the removal o f an e le c tro n  from the carboxylate  anion^^*^^.
( 5 ) P h o to ly sis  o f Haloarenes and Organo—M eta llic  Compounds.
P h o to ly sis  of a ry l io d id es  and a lso  a ry l bromides in  arom atic
s u b s tra te s  has been shown by B la ir ,  Bryce-Smith and P e n g illy  (1959)
86and Sharma and Kharasoh ( I 968) to  g en era te  a ry l r a d ic a ls :
85
Arl -------------> Ar* + I* (48)
Wolf and Kharasdh (19^5)^^ used th i s  technique to  p repare  £ -te rp h en y l 
from 4-iodobiphenyl in  a y ie ld  o f 9T^ *
f ~ \  (4 9 )
In  t h i s  re a c tio n  th e  y ie ld  o f  £ -te rp h en y l was s ig n i f ic a n t ly  
in c reased  by the  presence o f oxygen. P h o to ly s is  o f  diphenylmercury# 
te tra p h e n y lle a d , and tripheny lb ism uth  have a l l  been employed to  
g ive  phenyl rau iica ls^^ . Support f o r  th e  r a d ic a l  n a tu re  o f th e se
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re a c tio n s  comes from the  isomer d is t r ib u t io n  o f the  phenylated p ro d u cts.
(6 ) N-N itro so ao e ta n ilid e
The mechanism o f the  decom position o f t h i s  compound has been 
th e  su b jec t o f  much c o n t r o v e r s y ^ ^ b e c a u s e  th e  proposed mechanism 
f a i l s  to  take  account o f the  absence o f any evidence f o r  th e  ex is ten ce  
o f  acetoxy ra d ic a l  and absence o f hydroarom atio p roducts derived  
from d im érisa tio n  and d isp ro p o rtio n a tio n  o f  cyclohexadieny 1 in te rm ed ia te s . 
The mechanism g e n e ra lly  accepted was th a t  proposed by Ruchardt and 
Freudenbe rg^%
(a )  PhN(NO)Ac  > Ph-N-lMAc  ^ PhN^ *^  + AcO"
(b ) PhN(NO)Ao + AoO" -> Ph-N-lJ-N-O* + Ac^O
(o) PhN + Ph-lt.N-0" --------- ^ Ph 4- N + Ph-N.N-0#
(50)
2 "  2
Ph.
(d ) Ph* + PhH  ^
(e )  [Ph.C^H^l- + PhN-fcN-O"  ^ Ph-Ph + Ph^N-N-OH
The d e te c tio n  o f N-( phenyl gvcet ami do ) phenyl n itro x id e  r a d ic a l  (X Il)
88by e . s . r .  le d  P erk ins and Chalfont to  suggest a  new mechanism 
s im ila r  to  th e  above scheme, bu t d i f f e r in g  in  th a t  N -(phenylacetam ido)- 
phenyl n i tro x id e  r a d ic a l ,  formed by a d d itio n  o f  phenyl r a d ic a l  to  
N -n itro so a c e ta n ilid e  (equation  51) was the  key chain  o a riy in g  ra d ic a l  
r a th e r  than  (phenylazo)oxy ra d ic a l .
(a )  Ph- + PhN(NO)CO*CH  ^  ----- > Ph-^-O '
Ph-N-CO*CH,
(X II) ^ (51)
Ph-*-oa / r - \
(b ) (XII ) + ^  ^ Ph-N-CO*CH^
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However, the  observation  o f (phenylazo)oxy ra d io a l by e . s . r .  to g e th e r
92w ith o th e r  evidence, le d  Cadogan, Paton and Thomson to  suggest 
th a t  the  (phenylazo)oxy ra d ic a l i s  the  more s ig n if ic a n t  chain ca rry ­
in g  r a d ic a l  in  th e  decom position o f acy la iy ln itro so lam in e  in  such 
so lv e n t.
( 7) Aryl Diazonium S a lts
A iyl r a d ic a ls  can a lso  be generated  from diazonium s a l t s  by use 
o f  the  Gomberg re a c tio n , in  which sodium hydroxide i s  added to  a  
v igo ro u sly  s t i r r e d  so lu tio n  o f th e  cold  diazonium s a l t  and th e  arom atic 
s u b s tra te  . This re a c tio n  was b e liev ed  to  involve form ation o f the 
covalen t d iazo hydroxide which decomposed to  g ive a ry l and hydroxy 
r a d ic a ls : -
( 52) Ar^ "*" + OH" - —  ^ A r - I^ H -O H  ^ Ar* + + HO-
Ruchardt and Merz^^ have suggested , however, th a t  th e  re a c tio n  follow s 
an anologous sequence to  th a t  proposed f o r  th e  decom position o f 
^ n i t r o s o a c e ta n i l id e .  A somewhat c le a r  m o d ifica tio n  o f the  Gomberg 
r e a c tio n , developed by Hey, invo lves th e  use o f sodium a c e ta te  in s te a d  
o f  sodium hydroxide. The Gomberg and Gomberg-Hey procedures s u f fe r  
from th e  d isadvantage th a t  a  heterogeneous system i s  used . This can 
be overcome by d ia z o tiz in g  the  arom atic amine in  s i t u  in  an organic 
so lv en t w ith  amyl n i t r i t e  a t  60—80°C^^.
A s im ila r  mechanism may a lso  be o p e ra tiv e  in  a x y la tio n  brought
about by th e  a c id -c a ta ly se d  decom position o f  1- a iy  1 -3 ,3 ,-& ialky  1-
9 5 . 9 6  97t r ia z e n s  * o r  diazoaminobenzenes .
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(a )  Ar-N=N-NR^ + H'*' — ^
2 (  2
(b) Ar-N^H-mR^   ^ ArN^ *^  + R^ NH
(o ) ArNg"^  + Ar-!6.N-mg -------> (A rN -N )^^^
(d) (ArI^N)g&g -------  ^ Ar- + Rg + Ar-R-N-ÎÎR^
(e )  At* + PhH ------- ;> [Ar*Ph^*
( f )  [Ar-PhH]* + A r-R .R -% g— > Ar-Ph + Ar-IkR-mR^
In  a ry la tio n s  under a l l  th e  above c o n d itio n s , th e  normal ch a in -
p ropagation  s te p  fo r  th e  form ation o f a ry l  ra d ic a ls  may be red u c tio n
o f  th e  diazonium c a tio n  by an a iy lcy c lo h ezad ien y l r a d ic a l ,  the
re s u lta n t SLzylcyclohexadienyl ca tion  forming the b iazy l by lo ss  o f 
95a  proton'^"^;-
(a )  ArN^ **’ + [Ar*PhH].------------ ^ Ar- + + [A r-P h ^ t
(b ) (A r-P h ^ t  ^ Aj>-Ph +
E le c tro n - tra n s fe r  red u c tio n  o f  diazonium c a tio n s  i s  an e f fe c t iv e  
way o f g en e ra tin g  a ry l  r a d ic a ls  and i s  brought about by o n e-e lec tro n  
re d u c ta n ts :
(55) i r s *  + ^ AP- + Hg +
98Thus, Norman and Waters have gen era ted  phenyl ra d ic a ls  from th e  
s ta b le  benzene diazonium z in c ic h lo r id e  w ith  z inc  in  ace tone . The 
Meerwein re a c t io n , idiich employs c o p p e r ( l l)  c h lo rid e  in  aqueous 
ace to n e , proceeded by a  r a d ic a l  mechanism. I f  th e  re a c tio n  i s  c a r r ie d  





(a )  2CiiClg + Me^CO -------------> 2CuCl + MeCOCH^ Cl + HCl
( b )  + CuClg" -------------- > At* + + CuCl^ ( 5 6 )
S im ila rly  azy l r a d ic a ls  are freduced by red u c tio n  o f diazonium s a l t s  
wuth ferrocene^
(57) ArNg* + PoH  > At* + M + FcH*
E le c tr o ly t ic  red u c tio n  o f diazonium s a l t s  have been developed as a 
source o f a ry l rad ica ls^
( 58) ArNg"*" + e"  > Ar* +
The decom position o f phenylazotriphenylm ethane in  benzene so lu tio n
was f i r s t  in v e s tig a te d  by Hey (1937)^» who found b ipheny l, tr ip h e n y l-
methane and n itro g en  amongst the  p ro d u c ts . Wieland, Shapio and Metzger
( 1934)^ ob ta ined  a -  and £-m ethylbiphenyl from th e  decom position of
phenylazotriphenylm ethane in  to lu en e , and a -  and £ -phenylpyrid ine from
i t s  decom position in  p y r id in e , and on t h i s  b a s is  o f th e se  r e s u l t s ,
102and f u r th e r  work, no tab ly  on Huisgen and Grsishey (1957) , and Davies
Hey and W illiams (1956)^^^, th e  decom position o f th i s  compounds in  
arom atic so lv e n ts  was form ulated as conforming to  the g en era l p r in c ip le s  
o f  hem olytic s u b s t i tu t io n  :
(a )  Ar-IJ-N-CAr* ^   ^ Ar* + + *CAr^
(b ) Ar> + PhH  > [A r'P h^]'
(c )  (Ar-PhHj* + *CAr^ -------- > Ar-Ph + HCAr^
‘CAr*Ar-(d ) . : x  '  + cat- y -c A r^
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The ex isten ce  o f f re e  phenyl ra d ic a ls  in  th i s  re a c tio n  i s  
e s ta b lis h e d  by the  observations o f G arst and Cole ( 1963)^^^ th a t  
th e  scavengers iod ine  and carbon tetrabrom ide a re  h ig h ly  e f f ic ie n t  
in  t r a p i n g  phenyl ra d ic a ls  even when p resen t in  ve iy  low concen tra­
t io n s ,  and th a t  hydrogen a b s tra c tio n  from the  s id e  chain  o f to lu en e , 
occurs ex te n s iv e ly . A s im ila r  conclusion  was reached by Russel and
. 105B ridger , from the  r e s u l t s  o f  com petitive experim ents in  which 
th e  r e a c t iv i t i e s  o f a number o f s u b s tra te s  toweurds hydrogen a b s tra c ­
t io n  by phenyl ra d ic a ls  derived  from phenylazotriphenylm ethane were 
meELsured. These workers a lso  po in ted  out th a t  the  reason fo r  the 
r e l a t iv e  unimportance o f  s id e  re a c tio n s , such as d im érisa tio n  o f 
CT- complexes, in  phény la tion  re a c tio n s  w ith phenylazotriphenylm ethane 
i s  probably  th a t  the  high s ta t io n a ry  co n cen tra tio n  o f t r i t y l  r a d ic a ls  
vdiich e x i s t s ,  p rov id ing  a  ready ro u te  fo r  dehydrogenation o f the  f -  
oomplexes.
K in e tic  s tu d ie s  o f  th i s  re a c tio n  have e s ta b lish e d  th a t  i t  i s  
nore accu ra te  to  rep re sen t re a c tio n  (59&) as a  tw o-step  r e a c t io n ;-
(a )  Ar-2(=N-CAr*  > ArN_# + Ar.C*
^ ^ ^ (60)
(b ) ArN^*  ^ Ar# +
However th e  absence o f any e f fe c t  o f  added tripheny lm ethy l on 
th e  r a te  o f  decom position i s  c o n s is te n t w ith  one-stage mechanism, o r 
a t  l e a s t  showed th a t  i f  th e  d is s o c ia t io n  i s  a  tw o -stag e , r a th e r  than  
a  co n certed , p rocess  th e  l i f e  tim e o f th e  a iy la z o - ra d ic a ls  must be 
extrem ely  s h o r t ,  so th a t  the f i r s t  s tag e  i s  e f f e c t iv e ly  i r r e v e r s ib le .
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I I .  EXPERIMENTAL
E .I .  P rep ara tio n  and P u r if ic a tio n  o f Compounds
A. Benzoyl Peroxide
The commercial reagent con ta in ing  w ater (30^) was d isso lv ed  in  
a  minimum q u an tity  of warm chloroform  and th e  aqueous la y e r  r e je c te d . 
The s o lu tio n  was ra p id ly  f i l t e r e d  under su c tio n  and two volumes o f 
ic e -c o ld  methanol were added w ith  s t i r r i n g ,  causing  p re c ip i ta t io n  o f 
th e  crude product which was fu r th e r  p u r if ie d  by rep ea tin g  the  above 
procedure th re e  tim es. The p u r if ie d  peroxide was f in a l ly  f i l t e r e d  and 
d r ie d  in  a  vacuum d e s s ic a to r  over calcium c h lo r id e , m.p. 10$^, ( l i t .  
m .p. 104-106° 111).
B. P u r if ic a t io n  o f Solvents
(1) Benzene
a . Commercial **AnalaH** grade benzene was p u r if ie d  by rep ea ted  e x tra c tio n  
w ith  concen tra ted  su lp h u ric  ac id  u n t i l l  e x tra c ts  were c o lo u r le ss .
Then i t  was washed w ith s a tu ra te d  sodium hydrogen carbonate and 
re p e a ted ly  w ith w ater u n t i l l  th e  washings were n e u tra l ,  and f in a l ly  
d i s t i l l e d  a f t e r  d ry ing  (CaClg), and the  middle f r a c t io n  b o il in g  a t 
80. 5^ was c o lle c te d  and s to re d  over calcium  su lp h a te .
b . Commercial sodium d rie d  benzene was a lso  used w ithout fu r th e r  
p u r if ic a t io n ,  but r e d i s t i l l e d  ju s t  befo re  u se , b .p . 8 0 .5 ° , ( l i t .
t . p .  80. 5° ) .  '
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The fo llow ing  so lv en ts  were f r a c t io n a l ly  d i s t i l l e d  tw ice through
a 2 - fe e t  column packed w ith g la ss  h e l ic e s .  The middle b o ilin g  f ra c t io n
was c o lle c te d . The gas chrom atographic a n a ly s is  revealed  no im p u ritie s .
The l i t e r a t u r e  values are  those quoted by D ictionary  o f Organic 
111Compounds u n le ss  o therw ise s ta te d .
( 2) Fluorobenzene b .p . 84. 8° 760mm ( l i t .  b .p . 85. 2° 760mm)
( 3) Chlorobenzene b .p . 132° 760mm ( l i t .  b .p . 132° 760mm)
( 4 ) Bromobenzene b .p . 154^ 760mm ( l i t .  b .p . 155-6° 760mm)
( 5 ) i^D ichlorobenzene b .p . 173- 5° 760mm ( l i t .  b .p . 174° 760mm)
(6) B e n z o n itr ile  b .p . 188-91° 760mm ( l i t .  b .p . 190.7° 760mm)
( 7) M ethylbenzoate b .p . 198—9° 760mm ( l i t .  b .p . 199*6° 760mm)
(8) 1 ,3 ,5-Trichlorobenzene
The commercial reagen t was vacuum d i s t i l l e d  (b .p .  97-100°/l7mm) 
and then  r e c r y s ta l l i s e d  from g la c ia l  a c e t ic  ac id  to  a  constan t m.p. 
65°C, ( l i t .  m .p. 63. 5° )
( 9) Benzophenone
The commercial reagen t was d i s t i l l e d  in  vacuum, c o l le c t in g  the 
f r a c t io n  a t  187-190°/I5°™f which s o l id i f i e d  in to  a  w hite s o lid ,
m .p. 47- 48° C, ( l i t .  m.p. 47*5°)
C. P re p a ra tio n  o f Reference Compounds
( 1) 2-Chlorobiphenyl
(a )  From 2- ch lo ro a n ilin e
2 -C h lo ro an ilin e  (S .O g), and amyl n i t r i t e  (10ml) were d isso lv ed  
in  benzene ( 250ml) and th e  m ixture was allowed to  s tan d  a t  room
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tem perature fo r  10 mina. A further q u a n tity  o f amyl n i t r i t e  (10ml) 
was then  added and the  m ixture was g en tly  warmed u n t i l  a steady  
re a c tio n  occured.
A fte r  b o ilin g  the  m ixture under re f lu x  fo r  s ix  hours, the  bulk 
o f so lv en t was removed by d i s t i l l a t i o n  a t  atm ospheric p re ssu re .
The crude b ia ry l  ww d i s t i l l e d  a t  50-120°/0.1mm and the  orange 
d i s t i l l a t e  was chromatographed on alum ina, and e lu ted  w ith l ig h t  
petroleum  (b .p .  60-80°). A fter removal o f  so lv en t on a  ro ta ry  evapora to r, 
th e  re sid u e  was d i s t i l l e d  in  vacuo to  y ie ld  2-chlorobiphenyl (b .p . 77- 
78/ 0 . 1mm) as a w hite o iy s ta l l in e  s o lid  m.p. 32-3°, ( l i t .  m.p. 32°)
(b) From 2-aminobiohenyl
2-Aminobiphenyl (21g, 0.125 mole) was d ia z o tiz e d  w ith  Analine 
m ix tu re , and the  s o lu tio n  o f diazonium ch lo rid e  was added to  a so lu tio n  
o f  cuprous c h lo r id e . A fte r evo lu tion  o f n itro g en  had ceased, the 
m ixture was made a lk a lin e  w ith sodium hydroxide and was then  steam- 
d i s t i l l e d .  The organ ic  la y e r  in  the d i s t i l l a t e  was e x tra c te d  w ith 
e th e r ,  d r ie d  (MgSO^), and f i l t e r e d .  E th e r was removed on a  ro ta iy  
ev ap o ra to r y ie ld in g  w hite c r y s ta l l in e  2 -ch lo rob ipheny l, m.p. 32-3°,
( l i t .  m .p. 32°)
(c )  From 2-ohlorobenzoyl peroxide
2—Chlorobenzoyl peroxide (3*0g) was allow ed to  decompose in  
benzene (100ml) a t  80° f o r  72 hours.
The product was s te a m -d is t i l le d  and e x tra c tio n , and p u r if ic a t io n  
as  above gave 2- ch lorobiphenyl m.p. 32-3°
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The fo llow ing  compounds are  prepared  by the  analogous method 
to  ( a ) .
2) 3-Chl orobi phenyl b .p . 156-60°/6mm L it . b .p . 15O—160° / 6mm
3) 4 - Chlorobi phenyl m.p. 77° L i t . m.p. 77°
4) 2-Bromobiphenyl b .p . 158—6 0 °/6mm L it . b .p . 160°/I1mm
5) 3-Bromobiphenyl b .p . 170%  7mm L i t . b .p . l69-73°/l7mm
6) 4-Bromobiphenyl m.p. 88° L i t . m.p. 89°
7) 2 ,5-D ichlorobiphenyl b .p . 170-71°/I5mm L it . b .p . I 71°/I7mm
8) 2 ,4 f6 -T rich lo rob ipheny l m.p. 63° L i t . m.p. 62. 5°
9) 2-Phenylbenzophenone 
a) P rep ara tio n  o f 2-1odobiphenyl
2-Aminobi phenyl (I4g ) was d isso lv ed  in  5 ^ h y d ro c h lo r ic  ac id  (50ml) 
and d ia z o tiz e d  a t  5-7° by the  slow a d d itio n  o f sodium n i t r i t e  so lu tio n  
(7#2g, 0.104 mole) in  w ater (20m l). On com pletion o f d ia z o tiz a t io n  
th e  s o lu tio n  was f i l t e r e d  from undisso lved  s o lid s  and slow ly poured 
in to  a  w e l l - s t i r r e d  so lu tio n  o f  potassium  io d id e  ( l6 g , 0.1 mole) 
in  w ater (20ml) a t  room tem peratu re . During th e  vigorous decom position 
n itro g e n  was evolved and iod ine  was l ib e ra te d ,  and a  brown u n stab le  
p r e c ip i ta te  was formed in  the  so lu tio n . The re a c tio n  m ixture was 
allow ed to  stand  fo r  15 m inutes a t  room tem perature and was then 
waimed on th e  steam b a th  u n t i l l  gas ev o lu tio n  ceased.
The cooled so lu tio n  was shaken w ith  e th e r  (50ml) and th e  o rgan ic  
la y e r  was sep ara ted  and washed w ith 2N-sodium hydroxide, 2N-sodium 
m e tab isu lp h ite  and w ater. I t  was then  d r ie d  (KCO^) and th e  so lven t 
was removed.
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L iquid  2-iodobiphenyl was then  f r a c t io n a l ly  d i s t i l l e d  under the  
reduced p re ssu re  and was c o lle c te d  a t  174°/l1mm.
(b ) Convertion o f  2-1odobiphenyl in to  2-Phenylbenzophenone
A G rignard reagent was prepared  from 2-iodobiphenyl prepared as 
above ( I4 g j and magnesium (l#41g)# A s o lu tio n  o f benzaldehyde (5.5m l) 
in  benzene (lOml) was added slow ly.
When th e  ad d itio n  was complete 2/3 o f th e  e th e r  was d i s t i l l e d  
o f f  and f u r th e r  benzene ( 25ml) and benzaldehyde (10ml) were added.
The m ixture was re flu x ed  f o r  22 hours, a f t e r  which th e  complex was 
made to  decompose by th e  ad d itio n  o f ammonium ch lo rid e  s o lu tio n .
The ether-benzene la y e r  was d r ie d , co n cen tra ted , and th e  
re s id u e  was d i s t i l l e d  under reduced p re ssu re . The e n t i r e  f ra c t io n  
b o il in g  a t  195-232°/l9mm was c o lle c te d  and was c iy s ta l l i s e d  from 
m ethyl a lco h o l g iv in g  w hite c iy s ta l s  o f  2-phenylbenzophenone, 
m .p. 86° ; ( l i t .  m.p. 90°)
(10) P rep a ra tio n  o f 3-Phenylbenzophenone
3-Bromobiphenyl (23#3g), a c tiv a te d  magnesium (2 .4 s )  and sodium 
d r ie d  e th e r  ( 70ml) were allowed to  r e a c t  and th e  m ixture was re f lu x  
f o r  2 hours a f t e r  v igorous re a c tio n  has subsided .
B en z o n itr ile  (6 .7 g ) in  e th e re a l s o lu tio n  was added slow ly w ith 
s t i r r i n g .  A fte r  re f lu x in g  (8hours) th e  product was decomposed w ith 
ic e  and d i lu te  a c id , th e  e th e r  was removed, and th e  re s id u a l ketim ine 
hydro lysed  w ith  h o t aqueous ac id  (6 h o u rs ) . The ketone was ob tained  
by f r a c t io n a l  d i s t i l l a t i o n  o f th e  p roduct.
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I t  was formed as a pale  yellow  o i l  b .p . 264-267°/ 25mm and 
sep ara ted  from l ig h t  petroleum (b .p . 80-100) in  co lo u rle ss  c r y s ta ls ,  
m.p. 79°, ( l i t  m.p. 79°)
(11) P rep a ra tio n  o f 4-Phenylbenzophenone
4-Phenylbenzophenone was prepared by adding benzoyl ch lo rid e  
( 25g) slow ly to  a so lu tio n  o f biphenyl (I3 .8 g )  in  benzene (33ml) 
in  the  p resence of aluminium ch lo rid e  cooled in  ic e -w a te r. A fter 
6 hours crushed ic e  and benzene were added, the  in so lu b le  m a te ria l 
was sep ara ted  and the  benzene la y e r  was washed w ith  d i lu te  sodium 
hydroxide and w ith w ater. Evaporation o f benzene l e f t  a s o lid  residue 
to  which was added th e  m a te ria l p rev io u sly  i s o la te d  by f i l t r a t i o n ,  
and i t  was then  c iy s ta l l i s e d  from l ig h t  petroleum  (b .p . 80-100°); 
m .p. 102°, ( l i t .m .p .  104-105°
( 12) P rep a ra tio n  o f 2-M ethyloxycarbonylbiphenyl
2-Bromobiphenyl (23#3g), a c tiv a te d  magnesium (2 .4g ) and sodium 
d rie d  e th e r  (70ml) were allowed to  r e a c t ,  and th e  re s u l t in g  m ixture 
was re flu x ed  f o r  2 hours a f t e r  vigorous re a c tio n  subsided . A fte r 
co o lin g , the  re a c tio n  m ixture were poured in to  a  beaker con ta in ing  
crushed d iy - ic e .  A vigorous re a c tio n  occured and G rignard reagent 
a d d itio n  compound was s e t  to  a  s t i f f  mass, i t  was con tinuously  s t i r r e d  
u n t i l  a l l  the  dry—ic e  has evaporated . Crushed ic e  and d i lu te  hydroch lo ric  
a c id  (1:1 by volume) was added w ith s t i r r i n g  u n t i l  most o f  th e  s o lid  
decomposed.
The b iph en y l-2 -carb o x y lic  ac id  was e x tra c te d , r e -p r e c ip i ta te d ,  
f i l t e r e d  and r e c iy s ta l l i s e d  from ethanol and f in a l ly  from benzene.
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Treatment o f th i s  ac id  with th io n y l c h lo rid e  and then followed 
by methyl a lcohol gave a co lo u rle ss  o i l .  Repeated d i s t i l l a t i o n  o f th i s  
o i l  under p ressu re  gave a c le a r  l iq u id  which s o l id i f ie d  on stand ing  a t  0 ° .
The r e s u l t in g  s o lid  was r e c ry s ta l l i s e d  from lig h t-p e tro leu m  (40-60°) 
to  g ive 2-m ethyloxycarbonylbiphenyl; m.p. 114° ,  ( l i t  m.p. 114- 5° ) .
3 -  and 4-M ethyloxycarbonylbiphenyls were a lso  prepared  by the 
above method.
( 13) 3-M ethyloxycarbonylbiphenyl m.p. 160° ; ( l i t .  m.p. 160-1° ^^^)
( 14) 4-M ethyloxycarbonylbiphenyl m.p. 118° ; ( l i t .  m.p. 117-8° ^^^)
( 15) P rep a ra tio n  o f 2-Qyanobiphenyl
A s t i r r e d  m ixture o f 2-bromobiphenyl ( I6 g , O.O69 m ole), cuprous 
cyanide (7#8g, O.O8 mole) and dim ethylforaaraide (1 0 .5ml) was reflu x ed  
f o r  6 h ou rs.
The r e s u l t in g  brown m ixture was poured in to  a so lu tio n  o f hydrated  
f e r r i c  ch lo rid e  (55*2g) and. concen tra ted  hy d ro ch lo ric  ac id  ( 14ml) 
in  ware (8 .3 m l). A fte r  the  re a c tio n  m ixture had been m aintained a t  
60- 70° f o r  20 m inutes to  decompose th e  complex, the la y e rs  were sep ara ted .
The o rgan ic  la y e r  was steam d i s t i l l e d ,  e x tra c te d  by e th e r  aind 
d r ie d  (Mg SO^). Evaporation o f e th e r  re s u l te d  in  a  yellow  o i l ,  which 
was vacuum d i s t i l l e d  and cooled in  ic e  to  g ive 2-cyanobiphenyl; m.p.
33° ,  ( l i t .m .p .  37° ’°®).
3 - ,And 4-cyanobiphenyls were a lso  p repared  by th e  above method.
( 16) 3—Cyanobiphenyl m.p. 44° ; ( l i t .  m.p. 49 ^)
( 17) 4-Cyanobiphenyl m.p. 86° ; ( l i t .  m.p. 86° ^^^)
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Biphenyl, 2- and 4-^luorobiphenyls were r e c ry s ta l l i s e d  to  constan t 
m.p# from aqueous e th an o l.
(18) Biphenyl(B.D.H) m.p. ?1° ; ( l i t .  m.p. 71°)
( 19) 2-F luorobiphenyl(Koch-Light) m.p. 74° ; ( l i t .  m.p. 73*5°)
( 20) 4^Fluorobiphenyl(K och-Light) m.p. 74^ ; ( l i t .  m.p. 74*2°)
D. P u r if ic a t io n  o f In te rn a l  Standards
Commercially a v a ila b le  compounds were r e c iy s ta l l i s e d  and used 
as in te r n a l  s tandard  in  gas-chrom atographic a n a ly s is .  The l i t e r a tu r e  
values a re  those  quoted in  D ic tio n a iy  o f Organic Compounds^
(1) Bibenzyl(B.D.H) was r e c iy s ta l l i s e d  from ethano l; m.p. 52°,
( l i t .  m.p. 52°)
( 2) Diphenylmethane was r e d i s t i l l e d  and c o lle c te d  a t  b .p . 261-202°,
( l i t .  m.p. 26-7°, b .p .  261-262°)
( 3 ) Naphth£dene(B.D.H) was r e c iy s ta l l i s e d  from e thano l; m .p. 80°,
( l i t .  m .p. 80. 3°)
( 4 ) Triphenylmethane was r e c iy s ta l l i s e d  from ethano l; m .p. 94°,
( l i t .  m.p. 94°)
( 5 ) Pentam ethylbenzene(A ldrich) was r e c iy s ta l l i s e d  from e thano l; m.p. 53°,
( l i t .  m .p. 53°)
B. P rep a ra tio n  and P u r if ic a t io n  o f C a ta ly s ts
(1 ) o-C h lo ra n il
(a )  From ca techo l
112This i s  a  m o d ifica tio n  o f Jackman* s method • Chlorine gas was
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passed t h r o u ^  a  s t i r r e d  so lu tio n  of ca techo l (lOg) in  g la c ia l  a c e tic  
ac id  (50m l). The tem perature o f th e  m ixture was m aintained between 
20° and 30°.
A fte r  a  perio d  o f tim e depending upon th e  tem perature o f the  
m ix ture  and th e  r a te  o f passage o f c h lo r in e , te tra c h lo ro c a te c h o l 
sep a ra ted  and th e  m ixture became sem i-so lid .
The s o lid  was removed by f i l t r a t i o n ,  and th e  f i l t r a t e  was t r e a te d  
w ith  c h lo rin e  u n t i l l  no more s o lid  sep ara ted . A fte r  f i l t r a t i o n ,  the  
s o l id  was combined w ith th e  f i r s t  crop, and washed u n t i l  c o lo u rle ss  
w ith  th e  minimum amount o f a c e tic  a c id . This product was used fo r  
th e  next s tag e  w ithout any fu r th e r  p u r if ic a t io n .
The crude te tra c h lo ro c a te c h o l (19g) was d isso lv ed  in  ethanol 
( 25ml) and was ra p id ly  added to  a v igorously  s t i r r e d  m ixture of 
g la c ia l  a c e t ic  ac id  ( 31ml) and concentrated  n i t r i c  a c id .
Some o f th e  ca techo l was separa ted  during  th e  a d d itio n , but 
subsequently  red isso lv e d . When a l l  the  te tra c h lo ro c a te c h o l had been 
added, th e  m ixture was s t i r r e d  fo r  1 m inute, and then was d ilu te d  
w ith  ic e -c o ld  w ater (125ml). I t  was fo u n d ^^essen tia l to  w ait fo r  
the  co lo u r o f the re a c tio n  m ixture to  change (suddenly) from dark 
red  to  l ig h t  red  ( 1-5 m inutes a f t e r  mixing) before  quenching i t  
w ith  ic e -w a te r . I f  th i s  p recau tion  was not taken , only an in tra c ta b le  
red  t a r  was ob ta ined .
A fte r  th e  m ixture had been allowed to  stand  fo r  10 m inutes the
p re c ip i ta te d  quinone wats removed by f i l t r a t i o n  and was d rie d  in  a i r ,
T e trach lo ro —1,2—benzoquinone so ob tained  had m.p. 128—130 ; the  m.p.
could be ra is e d  to  130-132° by r e c r y s ta l l i s a t io n  from carbon t e t r a -
o 111c h lo r id e , ( l i t .  m.p. 133 )•
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(b) From pentachlorophenol^
Pentachlorophenol (60g **Technical”grade ex. B.D.H) was s t i r r e d  
in  suspension w ith methylene d ic h lo rid e  ( 120ml) under r e f lu x , con­
c e n tra te d  n i t r i c  ac id  (8ml) was added over a  perio d  o f 1 minute and 
a  f u r th e r  ad d itio n  (l6m l) was made a f t e r  the  i n i t i a l  re a c tio n  has 
subsided .
The m ixture was heated  under re f lu x  f o r  a  fu r th e r  15 minutes 
allowed to  co o l, and w ater (45ml) added g rad u a lly . The m ixture was 
cooled to  10°, and the  yellow  te trach lo ro -^-benzpqu inone was f i l t e r e d  
o f f .  The methylene di ch lo rid e  so lu tio n  was washed w ith  w ater u n t i l l  
th e  washings were c o lo u r le ss , d rie d  (l-CgSO^ ) and d i s t i l l e d  to  d iy n ess .
The red  s o lid  so obtained  was r e c iy s ta l l i s e d  from carbon t e t r a ­
c h lo rid e  to  g ive soEurlet c r s ta l s ;  m.p. 128-130°, ( l i t .  m. p . 133^^^).
(2 ) p-C h lo ra n il
The yellow  p r e c ip i ta te  from above ( S .I .b )  was c o lle c te d , and 
r e c iy s t a l l i s e d  from to lu en e . p -C b lo ran il sublimed w ithout m elting  
on h e a tin g , 290° ,  ( l i t .  m .p. 290° in  sea led  tube^^^).
( 3 ) Cupric benzoate
Ready a v a ila b le  cu p ric  benzoate was used w ithout f u r th e r  p u r i f i ­
c a tio n , bu t h ea ted  in  a  c ru c ib le  u n t i l  co n stan t weigh was reached.
The same sample o f  cu p ric  benzoate was used throughout the  experim ents,
( 4 ) Cupric p-X benzoate (X = m ethy l-, ch lo ro - and n itro -g ro u p )
Cupric £-m rthylbenzoate was prepared  by s t i r r i n g  in  a so lu tio n  
co n ta in in g  ^ - to lu ic  ac id  (8 .9g) e thano l (560ml) to  a  s o lu tio n  of
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cu p ric  a c e ta te  (6g) in  ethanol (800ml). THe m ixture was allowed to  
s tan d  in  an ic e —bath  u n t i l  cupric  p-m ethylbenzoate p re c ip i ta te d  
com pletely . I t  was then f i l t e r e d ,  washed and d rie d  by h e a tin g  in  
a  c ru c ib le  u n t i l  constan t weight was ob ta ined .
Cupric p;-chlorobenzoate and cupric  g -n itro b en zo a te  were prepared 
in  a  s im ila r  manner to  those described  above by s t i r r i n g  in  a so lu tio n  
co n ta in in g  copper a c e ta te  (6g) in  ethano l (800ml) to  a so lu tio n  of
2-ch lo robenzo ic  ac id  (1 0 .3g) in  ethanol ( 500m l), and a  so lu tio n  of 
copper a c e ta te  (6gj in  ethanol (800ml) to  a  so lu tio n  o f £ -n it ro  
benzoic a c id  (1 0 .Ig) in  ethanol (630ml) re sp e c tiv e ly .
(5 ) F e r r ic  benzoate
F e r r ic  benzoate was prepared in  bulk  by mixing equim olar so lu tio n s  
o f f e r r i c  c h lo rid e  and sodium benzoate. The p re c ip i ta te d  f e r r i c  benzoate 
was washed, f i l t e r e d  and d rie d  by h ea tin g  in  a c ru c ib le  to  a  constan t 
w eight. This s in g le  batch  c f  f e r r i c  benzoate was used throughout.
(6) Cadmiun benzoate
Commercially a v a ila b le  cadmiun benzoate was d r ie d  by h ea tin g  
in  a  c ru c ib le  to  a  constan t weight and used w ithout f u r th e r  p u r if ic a t io n .
( 7 ) N itrosobenzene and m -dinitrobenzene
(a )  N itrosobenzene was r e c ry s ta l l i s e d  from ethano1-acetone to  a  constaint 
m eltin g  p o in t; m.p. 68°, ( l i t .  m.p. 67. 5—68° )
(b ) m -D initrobenzene was r e c r y s ta l l i s e d  from ethano l to  a  constan t 
m elting  p o in t; m.p. 88°, ( l i t  m.p. 89.57 )
55
E. 2 , General O utline Of The Experiments
A ll the  experim ents un less otherw ise s ta te d  were conducted as 
fo llow s : —
P u r if ie d  so lv en t (50ml) was p laced  in  a  2 necked re a c tio n  f la s k  
(100ml) supported in  a therm ostat con ta in ing  o i l  m aintained a t  80+1°, 
and deoxygenated over sev e ra l hours by passing  through i t  a steady 
stream  o f p u r if ie d  n itro g e n .
In  the  experim ents where c a ta ly s ts  were used, an accu ra te ly  
weighed (quantity o f c a ta ly s t  was in troduced  in to  the  re a c tio n  f la s k .
A fte r  shaking thoroughly , the  con ten ts  o f the f la s k  were l e f t  one hour 
to  e q u i l ib ra te ,  a f t e r  which time an acc u ra te ly  known q u a n tity  o f peroxide 
was added. The co n ten ts  were thoroughly shaken and th e  re a c tio n  was 
allow ed to  proceed to  com pletion fo r  72 hours in  a continuous slow 
stream  o f p u r if ie d  n itro g en .
A known amount o f the ap p ro p ria te  in te rn a l  s tandard  was added 
to  th e  co n ten ts  o f the  re a c tio n  f la s k ,  and th e  y ie ld s  o f products 
were estim ated  as fo llow s : -
(a )  S ep ara tio n  o f benzoic acid
The s o lu tio n  was poured in to  a  sep a ra tin g  funnel (250ml) and the 
benzoic a c id  was e x tra c te d  w ith s a tu ra te d  sodium hydrogen carbonate 
so lu tio n  (6x20ml). The aqueous la y e r  weis then  a c id if ie d  by dropwise 
a d d itio n  o f co ncen tra ted  hydroch lo ric  a c id , and the  p re c ip i ta te d  benzoic 
ac id  e x tra c te d  w ith methylene ch lo rid e  (6x10m l). The methylene ch lo rid e  
s o lu tio n  was then  d r ie d  (MgSo^), f i l t e r e d  in to  a  weighed round-bottomed
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f la s k  ( 100ml), and the  so lven t was removed hy ro ta iy -e v a p o ra to r  u n t i l  
a  constan t weight was reached.
In  a  re a c tio n s  con ta in ing  meted benzoates as a d d it iv e s , the 
m etal benzoate was f i l t e r e d  and i t s  weight wais recorded to  make an 
allowance f o r  the  benzoic ac id  formed from subsequent n e u tra l is a t io n  
o f th e  m etal benzoates d isso lved  in  the  re a c tio n  m ix ture. To the  f i l t r a t e ,  
5 (^  o rtho-phosphoric  acid  (ZOnl) was added to  hydrolyse the  d isso lv ed  
m e ta l l ic  benzoate. The re a c tio n  m ixture was washed w ith  w ater ($x25ml) 
u n t i l  th e  washing was n e u tra l to  litm u s . A fte r  the  above p re -trea tm en t 
o f the  re a c tio n  m ixture, the  benzoic ac id  was ex tra c te d  as described  
above.
(b ) Organic Phase
The o r ig in a l  organic la y e r  was d r ie d  (MgSO^) and f i l t e r e d  in to  
a  round-bottomed f la s k  (100m l). The so lv en t was removed c a re fu lly  on 
a ro ta iy -e v a p o ra to r  checking ( g . l . c )  th e  absence o f d e te c ta b le  tra c e s  
o f b ia iy l  in  th e  d i s t i l l a t e ,  and the  concen tra ted  m ixture was analysed 
by g a s - l iq u id  chromatography.
(c )  Q u a n tita tiv e  and Q u a lita tiv e  A nalysis o f Reaction Products
The fo llow ing  fo u r columns were employed f o r  q p ia lita tiv e  and 
q u a n t i ta t iv e  a n a ly s is  o f  re a c tio n  p ro d u c ts , and f o r  s im p lic i ty  they 
a re  d esigna ted  by th e  code number p reced ing  th e  d e s c r ip tio n  o f the 
column ;
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Code Number D escrip tion  of Column
A. 15. C 8 -f t  I  1/8 inch  o u te r  diam eter (O .D .) column
packed w ith 1$^ Apiezon L .g rease  on 100-120 
mesh C e lite  (Einbacel).
A. 20. 0 8 - f t  X 3/8 inch  O.D. packed w ith  20^ Apiezon
L. g rease on 100-120 mesh C e lite  (Embacel).
C. 20. C 8 - f t  X 3/8 inch  O.D. column packed w ith  2C^
Carbowax on 100-120 mesh C e lite .
S . 20. C 8 - f t  X 1/8 inch  O.D. column packed w ith  20fa
s i l ic o n  Elastmometer E 301 on 100-120 mesh 
C e lite
I d e n t i f ic a t io n  o f the  re a c tio n  p roducts  were achieved by comparing 
th e  re te n t io n  tim es w ith  those o f the  au th e n tic  samples under s im ila r  
c o n d itio n s . A fte r  the  id e n t i f ic a t io n  o f the  d i f f e r e n t  components of 
the  re a c tio n  p ro d u c ts , q u a n ti ta t iv e  a n a ly s is  by g . l . c .  was achieved 
by method o f " in te rn a l  s ta n d a rd is a tio n ” .
For each re a c tio n  system being s tu d ied  a standard  re fe ren ce  compound was
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s e le c te d , which obviously would not be a product o f the re a c tio n , but 
had a  s im ila r  chemical s tru c tu re  and d id  not overlap  w ith the products 
being s tu d ie d . Each compound th a t  was to  be q u a n ti ta t iv e ly  estim ated  
was then  in d iv id u a lly  c a lib ra te d  agsdnst the  s tandard .
This was done by making up a s e r ie s  o f f iv e  o r more so lu tio n s  
co n ta in in g  vary ing  r e la t iv e  concen tra tions o f s tandard  and compound 
under s tu d y . Each so lu tio n  was in je c te d  th re e  tim es in to  th e  gas 
chrom atograph. The r e la t iv e  peak h e igh t o f  compound to  s tandard  was 
c a lc u la te d , a mean o f th e  th re e  in je c tio n s  was taken . A c a l ib ra t io n  
graph was p lo t te d  o f r e la t iv e  peak h e ig h t versus r e la t iv e  mole r a t io .
Prom the  c a l ib r a t io n  curves i t  was seen th a t  the  d e te c to r  response 
only  remained l in e a r  so long as the peak h e ig h ts  o f standard  and 
compounds were approxim ately of equal magnitude. When one peak was 
sm all r e la t iv e  to  th e  o th e r  the  d e te c to r  responce changed from l in e a r i ty  
f o r  peak h e ig h t p lo t .  Peaks broadened ra p id ly  as re te n tio n  time in creased  
and th e re fo re  i t  was in e v ita b le  th a t ,  in  a re a c tio n  system where the 
b ia ry l  isom ers v a ried  considerab ly  in  re te n tio n  time by arrang ing  the  
co n cen tra tio n  o f standard  so th a t  the  peak ob tained  was o f approxim ately 
th e  same magnitude as th a t  o f the  more v o la t i le  isom er, then  one found 
th a t  th e  peak h e ig h t o f  the  s tandard  was many tim es la r g e r  than the  
h e ig h t o f  th e  le a s t  v o la t i le  isom er. This d isadvantage o f peak heigh t 
measurement over peak a rea  measurement could be overcome by the constitu­
t io n  o f c a l ib r a t io n  curves over a  wide range o f r e la t iv e  co n cen tra tio n s  
o f  compounds to  s tandard .
When c a l ib r a t io n  curves fo r  a l l  compounds in  a  re a c tio n  had been 
c o n s tru c te d , then  i t  became a simple m a tte r  to  c a lc u la te  th e  q u a n ti ta t iv e  
com position o f any unknown m ixtures o f th e  same compounds co n ta in in g  a
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known amount of s tandard . In  reac tio n s  where g . l . c .  peaks overlapped, 
sp e c ia l c o rre c tio n  fa c to rs  had to  he c a lc u la te d  and th ese  w ill  be 
d e a l t  w ith  in  the ap p ro p ria te  s e c tio n .
I t  was c a lc u la te d  th a t  a l l  r e s u l ts  obtained  by th is  method were 
accu ra te  to  w ith in  2^,
B. 3 The P hénylation  Reaction
Hey, P erk ins and W illiams (I964)^^have shown th a t  the  y ie ld s  o f 
a ro io  ac id  and b ia iy l  depend to  a la rg e  ex ten t on th e  i n i t i a l  concen­
t r a t i o n  o f a ro y l perox ide . T herefore , f o r  a study o f the  a d d itiv e s  to  
have any r e la t iv e  s ig n if ic an ce  i t  was necessary  to  f ix  on a  concentra­
t io n  o f  peroxide and perform a l l  experim ents invo lv ing  c a ta ly s ts  a t 
t h i s  a r b i t r a r y  value . An i n i t i a l  co n cen tra tio n  o f 0.033M ( lg .  peroxide 
to  50ml so lv en t)  o f benzoyl peroxide has been used throughout th ese  
s tu d ie s .
( 1 ) The phény la tion  re a c tio n  o f benzene
(a )  The decom position o f benzoyl peroxide in  benzene
The decom position o f benzoyl peroxide (1g) in  benzene (5(^1) were
c a r r ie d  out by th e  method as o u tlin e d  in  se c tio n  B.2 , and allowed to
proceed to  com pletion fo r  72 hours a t  80'+  1°.
At th e  end o f the  re a c tio n  p e rio d , an ac cu ra te ly  known amount of 
diphenylmethane ( 0 . 15- 0 . 25&) was added, and the  y ie ld  o f b iphenyl was 
es tim a ted  by g . l . c .
The r e s u l t s  ob tained  are  ta b u la te d  in  Table (8 ) .  The fo llow ing  
experim ental co n d itio n s  were adopted f o r  the  g . l . c .  a n a ly s is .
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G.L.C. A nalysis Data
Column : A. I 5 C Instrum ent : Perkin-Elm er F21D
Column tem perature ; 1?0° C a rr ie r  gas : N itrogen
P ressu re  : 1 Kp/cm^ A ttenuation  : x 128
R eten tion  Data — R ela tive  to  diphenylmethane
Biphenyl 0.86
Diphenylmethane 1.00
(b) The e f fe c ts  o f a d d itiv e s  on the  decom position o f benzoyl peroxide 
in  benzene.
A v a r ie ty  o f c a ta ly s ts  were se le c te d  and d u p lic a te  re a c tio n s  
were s e t  up co n ta in in g  benzoyl peroxide ( lg )  in  benzene ( 50m l), and 
a  known amount o f the  c a ta ly s t  under s tudy . The re a c tio n  scheme as 
d esc rib ed  in  s e c tio n  E .2  was c lo se ly  follow ed and th e  re a c tio n s  were 
allow ed to  proceed to  com pletion over 72 hours a t 80 + 1°.
At th e  end o f  re a c tio n  p e rio d  a  known amount o f diphenylmethane 
( 0 . 15-O .25g) was added and any in so lu b le  c a ta ly s t  was f i l t e r e d  o f f .
The re a c tio n  m ixtures were then  woiked-up according to  the  general 
method, except when quinones were a lso  added a t  th e  end o f the  re a c tio n .
In  th e  re a c tio n  where quinone was added a f t e r  th e  decomposition 
o f  benzoyl peroxide was com plete, the  bulk  o f the  benzene was removed 
and quinone ( l .5 - 2 .0 g )  was added to  th e  re a c tio n  m ixture which was 
re flu x e d  f o r  24 hours. T e tra lin e  (0 .3g ) was added, and the  so lu tio n  
was re flu x ed  fo r  a  f u r th e r  20 h r s .  to  convert un reac ted  quinone to
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Table (8 )
The decom position of benzoyl peroxide in  benzene in  the presence and 
absence o f a d d itiv e s  a t 30° fo r  72 hours.
Experiment
number
A dditives amount o f 





A.1 n i l 0.3827 0.2474
A. 2 ----- 0.3893 0.2561
A. 3 — - — 0.3926 0.2465
A. 1-3 average ------ 0.3832 0.2500
A. 4 o -ch lo ra n il* 1.0 0.5598 0.4927
A. 5 1.0 0.5593 0.4884
A. 6 1.0 0.5637 0.4877
A.4-6 average 1.0 O.56IO 0.4896
A.7 ^ c h l o r a n i l 1.0 0.6599 —
A.8 1.0 0.6634 —
A. 9 1.0 0.6630 —
A.7-9 average 1.0 0.6621 —
A. 10 2"Chloranil* 1.0 0.5072 0.4742
A.11 1.0 0.5083 0.4745
A.12 1.0 0.5091 0.4745
A.10-12 average 1.0 0.5082 0.4744
* in d ic a te s  the  a d d itiv e  added a f t e r  com pletion o f decom position of 
benzoyl peroxide in  benzene.
Table (8) continued
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Ezperiment a d d itiv e s  
number
amo;int o f 
a d d itiv e s  (g)
biphenyl
(m/m)
benzoic ac id  
(m/m)
A. 13 n itrosobenzene 0.02 0.3702 0.9533
A .I4 0.02 0.8699 0.9545
A .I5 0.02 0.8575 0.9534
A. 13-15 average 0.02 0.8692 0.9554
A, 16 pen tafluo ron itro sobenzene  0.02 0.9928 0.9259
A .I7 0.02 0.9966 0.9265
A. 13 0.02 0.9968 0.9253
A.16-18 average 0.02 0.9954 0.9264
A. 19 B ^ i  n itrobenzene 0 .2 1.0409 O.926O
A. 20 0 .2 1.0364 0.9255
A. 21 0 .2 1.0360 0.9259
A .19-21 average 0 .2 1.0363 0.9253
A.22 oupric  benzoate 0 .5 0.8264 0.8081
A. 23 0 .5 0.8254 0.3049
A. 24 0.5 0.8226 0.7993
A.22-24 average 0 .5 0.8248 0.8065
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Table (8 ) continued
Experiment a d d itiv e s  amount o f 
number a d d itiv e s  (g)
biphenyl
(m/m)
benzoic ac id  
(m/m)
A. 25 Guprio £-m ethylbenzoate 0 .5 0.6138 0.6685
A. 26 0.5 0.6158 0.6693
A. 27 0 .5 0.6169 0.6692
A.25-27 average 0.5 O.6I55 0.6690
A. 28 cuprio  p-chlorobenzoate 0 .5 0.9502 0.8853
A. 29 0 .5 0.9435 0.8839
A. 30 0.5 0.9492 0.8846
A. 28-30 average 0 .5 0.9493 0.8846
A*31 cuprio  £ -n itro b en zo a te 0 .5 0.8129 0.8054
A.32 0 .5 0.8109 0.8034
A. 33 0.5 0.8130 0.8065
A. 31-33 average 0-5 0.8119 0.8051
A. 34 f e r r i c  benzoate 0 .5 0.7973 0.8097
A. 35 0.5 0.8003 0.8195
A.36 0 .5 0.8024 0.8293
A. 34-36 average 0 .5 0.8000 O.8I95
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th e  more reawiily removed q u in o l. £ ,£*-Q uaterphenyl, which separated  
from th e  s o lu tio n , was removed by f i l t r a t i o n .  The f i l t r a t e  was shaken 
w ith  2N sodium hydroxide (25ml) and the  b lack  s o lid  which was formed 
WEIS f i l t e r e d  o f f  and was d isca rd ed . The organic p o rtio n  o f the  f i l t r a t e  
WEIS sepEirated and shaken agsdn w ith  2N sodium hydroxide (2 x 10ml) 
and w ith  e th e r  (2  x 20ml). The combined Eiqueous e x tra c ts  were washed 
w ith  benzene ( 25ml) and th i s  benzene was ex tra c te d  w ith w ater (2  x 10ml), 
and a l l  th e  benzene so lu tio n  were combined Euid d ried  (CaClg)# Benzene 
was d i s t i l l e d  from d r ie d  so lu tio n  by ro ta ry -ev a p o ra to r, and th e  y ie ld  
o f b iphenyl was estim ated  by g . l . c .
The column, column co n d itio n s , eind c a l ib ra t io n  curves p rev io u sly  
c o n s tru c ted  f o r  se c tio n  (a )  were used f o r  g . l . c .  Euialysis in  sd l cases, 
and th e  r e s u l t s  from th i s  s e r ie s  o f re a c tio n s  are  i l l u s t r a t e d  in  Table (8 ) .
( 2) The p h ény la tion  re a c tio n  o f chlorobenzene
(a )  The decom position o f benzoyl peroxide in  chlorobenzene.
These re a c tio n s  were performed according to  th e  procedure o u tlin ed  
in  s e c tio n  (E .2 ) and were tJ.lowed to  proceed to  com pletion fo r  72 hours 
a t  80 + 1^, and a c c u ra te ly  weighed diphenylmethEine ( c .a .  0 .2g) was added 
as an in te rn a l  s tan d ard  a t  th e  end o f each re a c tio n .
The y ie ld s  o f ch lorob iphenyls were estim ated  by g . l . c .  w ith the 
fo llow ing  experim ental co n d itio n s , a l l  th e  r e s u l t s  a re  shown in  Table ( 9 ) .
G.L.C. A nalysis Data
Column : A. 15 C Instrum ent : Peikin-E lm er F21D
Column tem peratu re  : 170^ Csurrier gas • N itrogen
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P ressu re  ; 1 Kp/cm^ A ttenuation  : i  64
Since 3- end 4-chlorobiphenyl were not com pletely reso lved  on 
the  column used fo r  a n a ly s is , c o rre c tio n  fa c to rs  had to  he ap p lied .
Owing to  th e  d ep artu re  from the id e a l Gaussian shape, the  t a i l  o f 
th e  3 -ch loroh iphenyl peak made a  c o n tr ib u tio n  to  the  peak maximum 
o f the  4 -isom er. A nalysis o f sy n th e tic  m ixtures a lso  showed th a t  the 
emergence o f  the  l a t e r  4-isom er s im ila r ly  caused an in c rease  o f the 
s ig n a l f o r  th e  3-isom er, although to  a much sm aller e x te n t. Therefore 
the  fo llow ing  a n a ly t ic a l  procedure was adopted fo r  the  e s tim atio n  o f 
th e  y ie ld s  o f 3— and 4-ch lorob iphenyl : -
C a lib ra tio n  curves were constuc ted  fo r  each isom er in d iv id u a lly , 
by p rep arin g  so lu tio n s  co n ta in in g  vary ing  concen tra tio n s  of chlorobiphenyl 
and diphenylm ethane. A number o f so lu tio n s  were then  made up con ta in ing  
the  same co n cen tra tio n  o f diphenylmethane but d if f e re n t  co n cen tra tions 
o f both  3-» and 4 -ch lo ro b i phenyl r e la t iv e  to  each o th e r . Values fo r  the  
r e a l  mole r a t io  o f  each isom er r e la t iv e  to  th e  standard  were then 
p lo t te d  a g a in s t the values o f mole r a t io  obtained  by the use o f the 
in d iv id u a l c a l ib r a t io n  curves fo r  each isom er. Measurement o f the slope 
o f  the  two s t r a ig h t  l in e s  ob tained  gave th e  co rre c tio n  fa c to rs  which 
had to  be a p p lied  fo r  unknown m ixtures co n ta in in g  both 3— and 4-ch lo ro— 
b ip h en y l. The c o rre c tio n  f a c to rs  were c a lc u la te d  to  be O.98 and O.89 
fo r  th e  3-f and 4-iscm er re sp e c tiv e ly . That i s  the g rap h ica l mole r a t io  
must be m u ltip lie d  by O.98 to  give the  r e a l  mole r a t io  fo r  3 -ch lo ro - 
b iphenyl and by O.89 fo r  the  4 -ch lo ro b ip h en y l.
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R etention  Data -  (R e la tiv e  to  diphenylmethane)





(b) The e f fe c ts  o f a d d itiv e s  on th e  decom position o f benzoyl peroxide 
in  chlorobenzene.
A s e r ie s  o f  re a c tio n s  in  d u p lica te  were s tu d ied  according to  the 
experim ental method o u tlin ed  in  s e c tio n  (E .2 ) , and were allowed to  
proceed to  com pletion over J2 hours a t  80 + 1°. For th i s  s e r ie s  known 
amounts o f th e  various c a ta ly s ts  were added to  pure chlorobenzene ( 50ml) 
follow ed by th e  a d d itio n  o f benzoyl peroxide ( 1g) to  th e  re a c tio n  when 
therm al equ ilib rium  had been e s ta b lish e d .
At the  com pletion o f th e  re a c tio n  a known amount o f diphenylmethane 
( 0 . 15-r0 . 25g) was added as th e  s tandard  fo r  g . l . c .  an a ly s is  and the  
re a c tio n  m ixture was f i l t e r e d  f re e  o f d eposited  c a ta ly s t  before commencing 
th e  nornal work-up procedure. The re ac tio n s  where quinone was added 
a f t e r  com pletion o f th e  re a c tio n  were d e a lt  w ith  in  a  s im ila r  manner 
to  those  d escrib ed  fo r  benzene.
The y ie ld s  o f  ch iorobiphenyls were estim ated  by g . l . c .  w ith the  
same experim ental cond itions and same c a l ib r a t io n  curve to  th e  sec tio n  
(2 a ) .  The r e s u l t s  ob tained  a re  ta b u la te d  as T ab le (9 ).
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Tabla (9)
The decom position o f benzoyl peroxide in  chlorobenzene in  the  presence
and absence o f ad d itiv e s a t 80® f : r  72 hours.
Experiment amount o f ch lorob i phenyl 
number a d d itiv e s  (g ) (o^m)
benzoic ac id  
(m/m)
isom er r a t io  
0 m £
n i l
3* 1 — 0.4025 0.3396 54.9 27.0 18.1
B# 2 — 0.4028 0.3387 55.0 27.1 17.9
B*3 — 0.4019 0.3378 53.9 27.5 18.6
B. 1-3 average 0.4024 0.3387 54.6 27.2 18.2
c -c h lo ra n il*
B*4 1 .0 0.5348 — 56.7 25.8 17.5
B.5 1.0 0.5385 — 57.0 25.6 17.4
B.6  1.0 0.5383 — 57.0 25.4 17.6
B.4-6 average 0.5372 --- 56.9 25.6 17.5
c -c h lo ra n il
B.7 1.0 0.6368 --- 58.4 24.3 17.3
B.8  1.0 0.6349 --- 58.2 24.5 17.3
B.9 1.0 0.6357 --- 58.3 24.4 17.3
B.7-9 average 0.6358 58.3 24.4 17.3
♦ in d ic a te s  th e  a d d itiv e  added a f t e r  th e  com pletion o f phénylation*
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Table (9) continued
Experiment amount o f ch lorobiphenyl 
number a d d itiv e s  (g) (m/m)
benzoic ac id  
(m/m)
isom er r a t io  
0 ra £
n itrosobenzene 
B.10 0.02 0.8418 0.8074 56.1 26.0 17.9
B.11 0 .02 0.8432 0.8091 55.9 26.1 18.0
B.12 0.02 0.8431 0.8102 56.3 25.6 18.1
B .10-12 average 0.8427 0.8089 56.1 25.9 18.0
pen tafluo ron itro sobenzene  
B.13 0 .02  0.8053 0.7072 58.1 24.5 17.4
B .I4 0 .02 0.8048 0.7066 58.3 24.3 17.4
B .I5 0.02 0.8046 0.7066 58.2 24.4 17.4
B. 13-15 average 0.8049 0.7068 58.2 24.4 17.4
]^ d i n itrobenzene
B.16 0 .2 0.7544 0.8001 56.9 25.1 18.0
B .I7 0 .2 0.7528 0.7904 56.9 25.0 18.1
B.IS 0 .2 0.7554 0.7834 56.6 25.5 17.9
B .I6- I 8 average 0.7542 0.7913 56.8 25.2 18.0
cuprio  benzoate
B .I9 0 .5 0.7133 0.8054 57.4 25.3 17.3
B.20 0 .5 0.7137 0.8049 57.1 25.7 17.2
B.21 0 .5 0.7135 0.8056 57.4 25.2 17.4
B. 19-21 average 0.7135 0.8053 57.3 25.4 17.3
Table (9) continued
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Experiment amount o f chlorobiphenyl 
number a d d itiv e s  (g) (m/m)
benzoic ac id  
(m/m)
isom er r a t io  
0  m £
cuprio  £-m ethylbenzoate 
B.22 0 .5  0.7479 0.7581 58.3 24.2 17.5
B.23 0 .5 0.7463 0.7574 58.4 24.2 17.4
B.24 0 .5 0.7489 0.7582 58.2 24.2 17.6
B .22-24 average 0.7477 0.7579 58.3 24.2 17.5
oupric  2-ch lorobenzoate  
B.25 0 .5  0.8029 0.8719 58.2 24.3 17.5
B.26 0 .5 0.8046 0.8723 58.3 24.0 17.7
B.27 0 .5 0.8039 0.8724 58.4 24.3 17.3
B .25-27 average 0.8038 0.8722 58.3 24.2 17.5
o upric  £-niti*obenzoate
B.28 0 .5  0.8381 0.8034 58.2 24.5 17.3
B.29 0 .5 0.8379 0.8042 58.4 24.3 17.3
B.30 0 .5 0.8383 0.8029 58.3 24.4 17.3
B .28-30 average 0.8381 0.8035 58.3 24.4 17.3
f e r r i c  benzoate
B .3I 0 .5 0.9451 0.9729 57.8 24.0 18.2
B.32 0 .5 0.9443 0.9738 - 58.2 23.7 18.1
B.33 0 .5 0.9457 0.9713 58.0 24.0 13.0
B. 31-33 average 0.9452 0.9727 58.0 23.9 18.1
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E#4 The Com petitive Reactions of Benzoyl Peroxide in  Bquimolar 
Benzene/chlorobenzene M ixture.
(a )  The decom position o f benzoyl peroxide in  an egruimolar m ixture 
o f  benzene and chlorobenzene in  the absence o f a d d it iv e .
Benzoyl peroxide (1 .0g) was decomposed in  equim olar benzene/ 
chlorobenzene so lu tio n  ( 50m l), and the  re a c tio n s  were allowed to  
proceed to  com pletion over 72 hours a t  80 + 1®, in  an atmosphere o f 
n itro g e n . At the  end o f th i s  perio d  a known amount of diphenylmethane 
( 0 . 2g) was added and the  re a c tio n s  were worked-up as o u tlin e d  in  
s e c tio n  (E .2 ) .
The y ie ld s  o f biphenyl and isom eric chlorobiphenyls were c a lc u la te d  
by g . l . c .  a n a ly s is  making use o f the c a l ib ra t io n  curves p rev io u sly  
co n s tru c ted  fo r  th ese  compounds. The r e s u l t s  are  given in  Table (1 0 ).
G.L.C. A nalysis Data
Column : A 15 C Instrum ent : Perkin-Elm er F21D
Column tem perature ; I70® C a rr ie r  gas : N itrogen
2
P ressu re  : 1 Kp/cm A ttenuation  : x 64
(b ) The decom position o f benzoyl peroxide in  an ecruimolar m ixture 
o f chlorobenzene and benzene in  the  presence o f a d d it iv e .
A number o f c a ta ly s ts  were se le c te d  and t r i p l i c a t e  re a c tio n s  
were s e t  up each co n ta in in g  benzoyl peroxide (l.O g) in  equim olar 
benzene/chlorobenzene so lu tio n  (5 % il) , and a known q u an tity  o f the 
c a ta ly s t  under s tudy . The re a c tio n  scheme as described  in  sec tio n
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(22) was c lo se ly  followed and the re a c tio n s  were allowed to  proceed 
to  com pletion over 72 hours a t 80 + 1®.
At th e  end o f re a c tio n  a  known amount o f diphenylmethane (0 .1 5 -  
0*25g) was added, and deposited  c a ta ly s t  was f i l t e r e d  before  the  y ie ld s  
o f p roducts were estim ated  by g . l . c .  w ith th e  same experim ental cond itions 
as above. The r e s u l ts  o f th i s  s e r ie s  o f experim ents are  tab u la te d  in  
Table (1 0 ).
(c )  The decom position o f benzoyl peroxide in  the  so lu tio n  con ta in ing  
vary ing  m olar r a t io s  o f benzene and chlorobenzene in  the presence 
o f f e r r i c  benzoate.
In  th i s  s e r ie s  o f experim ents, the  m olar r a t io  o f su b s tra te s  i s  
v a rie d  w hile the  t o t a l  volume o f so lven t was s t l l  remained a t  50ml"
Benzoyl peroxide (l.O g) was allowed to  decompose in  th ese  m ixture in  
th e  presence o f f e r r i c  benzoate (0 .5g) f o r  th e  d u ra tio n  o f 72 hours 
a t  8 0 + 1 ® .
The same work-up procedures were adopted fo r  the re a c tio n  m ix tures, 
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E.5 The P hénylation  Reaction of Bromobenzene
(a ) The decom position of benzoyl peroxide in  bromobenzene.
R eactions were s e t  up each contsdning benzoyl peroxide (l.O g) 
and bromobenzene ( 50ml) according to  the  experim ental method o u tlin e d  
in  se c tio n  (22) ,  and were allowed to  proceed to  completion over 72 
hours a t  80 + 1®. At the  com pletion o f the  re a c tio n  a known amount 
o f diphenylmethane ( 0 . 1- 0 . 2g) was added as the  in te rn a l  s tandard  fo r  
g . l . c .  a n a ly s is .
The y ie ld s  o f bromobiphenyls were estim ated  by g . l . c .  w ith the 
fo llow ing  experim ented co n d itio n s , and the  r e s u l ts  a re  tab u la ted  in  , 
Table (1 2 ).
G.L.C. A nalysis Data
Column ; A .I5 .C Instrum ent ; Perkin-Elm er F21D
Column tem perature : 200® C a rr ie r  gas : N itrogen
P ressu re  : 1 Kp/cm^ A ttenuation  : x 64
R eten tion  Data -  (R e la tiv e  to  diphenylmethane)
Compounds R ela tive  re te n tio n  tim es
Diphenylmethane 1.00
2-Bromobiphenyl 2.08
3-Bromobi phenyl • 3.16
4-Bromobi phenyl 3*51
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(b ) The e f f e c t s  o f  a d d it iv e s  on the decom position  o f  benzoyl perox ide  
in  bromobenzene.
D uplicate re a c tio n s  were s e t  up co n ta in in g  benzoyl peroxide (l.O g) 
in  bromobenzene (50ml) w ith  known q u a n tity  o f s e le c te d  c a ta ly s t  accor­
ding  to  u sual experim ental method, and were allowed to  proceed to
ocom pletion over 72 hours a t  80 + 1 .
At the  end o f the  re a c tio n  a  known amount o f diphenylmethane ( 0. 15-  
0 . 2g) was added as th e  standard  fo r  g . l . c .  a n a ly s is , and th e  in so lu b le  
c a ta ly s t  was f i l t e r e d  o f f .  The re a c tio n  m ixtures were then  worked-up 
according  to  th e  u su a l method. In  the re a c tio n s  vdiere quinone was added 
a f t e r  com pletion o f  the re a c tio n  were d e a lt  in  a  s im ila r  manner to  
those  d escrib ed  f o r  benzene in  sec tio n  E .3( lb ) .
The y ie ld s  o f bromobi phenyls were estim ated  by g . l . c .  u sing  the 
same experim ental co n d itio n s  and c a l ib ra t io n  curves to  the  above 
re a c tio n s . The re su k ts  from t h i s  s e r ie s  o f experim ents are  summarised 
in  Table ( 12) .
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Table (12)
The décom position o f benzoyl peroxide in  bromobenzene in  the presence 
and absence o f a d d itiv e s  a t 30® fo r  72 hours.
experim ent amount of 





Isomer r a t io s  
0 m £
n i l
C.1 — 0.7448 0.9559 54.0 30.6 15.4
C. 2 — 0.7457 0.9511 54.2  30.5 15.3
C.3  — 0.7457 0.9531 54.4 30.1 15.5
C .1-3 average 0.7454 0.9536 54.2  30 .4  15.4
o -c h lo ra n il*  




o -o h lo ra n il  
C.7  1.0
C.8 1.0
















55.4 29.2 15.4 
55.7 29.1 15.1
* in d ic a te s  the  a d d itiv e  added a f t e r  th e  com pletion o f phény la tion .
Table ( 12) continued
experim ent amount of PhCfH.Br 6 4 PhCO^H isom er r a t io s
number a d d itiv e s  (g) (m/m) (m/m) 0 £  £
n itrosobenzene
C.10 0.02 0.7918 I.O855 54.7 29.4 15.9
C.11 0.02 0.7932 1.0794 55.0  29.2 15.8
C.12 0.02 0.7934 1.0835 55.0 29.3 15.7
C .10-12 average 0.7928 1.0828 54.9 29.3 15.8
p en tafluoron itroeobenzene
C.I3 0.02 0.8242 0.8403 53.8 29.9 16.3
C.I4 0.02 0.8238 0.8408 54.0 29.7 16.1
C.I5 0.02 0.8234 0.8435 54.2 29.8 16.0
C.13-15 average 0.8238 0.8415 54.0 29.8 16.2
m—d in itro b en zen e  
C.16 0 .2
C . n  0 .2
C .l8 0.2
C.16- 18 average





0.8498 0.8849 54.9 27.7 15.4
0.8492 0.8853 54.9 29.6 15.5
0.8511 0.8836 54.6 29.8 15.6
0.8500 0.8846 54.8 29.7 15.5
0.7502 0.9450 58.6 27.8 13.6
0.7479 0.9582 58.4 27.8 13.8
0.7462 0.9432 57.9 27.7 14.4
0.7481 0.9488 58.3 27.8 13.9
Table ( 12) continued
experim ent amount o f PhC^H^Br PhCO^H isom er r a t io s
number a d d itiv e s  (g) (m/m) (m/m) o m £
cu p ric  £-m ethylbenzoate 
C.22 0.5  0.7627 0.8479 56.2 28.7 15.1
0.23 0 .5  0.7599 0.8453 56.4 28.5 15.1
C.24 0 .5  0.7625 0.8484 56.3 28.6 15.1
0.22-24 average O.76I7 0.8472 56.3 28.6 I5 .I
cu p ric  £ -ch lorobenzoate
C.25 0 .5  0.8679 0.9077 56.0 28.6 15.4
0.26 0 .5  0.8662 O.8997 56 .0  28.3 15.7
0.27 0 .5  0.8660 0.9043 5 6 .3 2 8 .2 1 5 .5
0.25-27 average O.8667 O.9039 56.1 28.4 15.5
cu p ric  £ -n itro b en zo a te
0.28 0 .5  0.7835 0.8566 57.3 27.8 14.9
0.29 0 .5  0.7837 0.8572 57.3 27.8 14.9
0.30 0 .5  0.7842 0.8566 5 7 .4 2 7 .9 1 4 .7
0.28-30 average 0.7838 O.8568 57.3 27.8 I4 .9
f e r r i c  benzoate
0.31 0 .5  0.9631 0.9333 5 4 .7 2 9 .6 1 5 .9
0.32 0 .5  0.9623 0.9837 54.3 29.3 16.4
C.33 0 .5  0.9597 0.9831 53.9 29.3 16.8
0*31-33 average O.96I7 0*9834 54.3 29.4 16.3
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3,6  The Competitive Reactions of Benzoyl Peroxide in  Squimolar 
Benzene/Bromobenzene Mixture
(a ) The decom position o f benzoyl peroxide in  an equimolar m ixture 
o f bromobenzene and benzene in  the  absence o f a d d it iv e s .
Benzoyl peroxide (l.O g) was allowed to  decompose in  an ecpiimolar 
m ixture o f benzene and bromobenzene ( 5pml) over 72 hours a t  80 + 1®, 
in  an atmosphere o f n itro g en . At the  end o f th i s  perio d  a known amount 
o f diphenylmethane (O .15- 0 . 2g) was added and th e  re a c tio n s  were worked- 
up as d escrib ed  in  s e c tio n  (32) .
The c a l ib r a t io n  curve fo r  biphenyl ag a in s t diphenylmethane was 
co n s tru c ted  a t  200®, aind the  y ie ld s  o f biphenyl and the  isom eric bromo­
b i phenyls were c a lc u la te d  by g . l . c .  a n a ly s is  making use fo r  the above 
c a l ib r a t io n  curve and the  c a l ib ra t io n  curves p rev io u sly  construc ted  
fo r  bromobiphenyl. The r e s u l ts  o f th is  experim ent are  given in  Table
(13).
G.L.C. A nalysis Data
Column : A.15»C Instrum ent : Perkin-Blm er F21D
Column tem perature : 200® C a rrie r  gas : N itrogen
P ressu re  : -f Kp/cm^ A ttenuation  ; X 64
R etention  Data -  (R e la tiv e  to  diphenylmethane)







(b) The decom position o f benzoyl peroxide in  an ecruimolar m ixture 
o f bromobenzene and benzeme in  the presence of a d d itiv e s .
T r ip l ic a te  re a c tio n s  were s e t  up each con ta in ing  benzoyl peroxide 
(l.O g) in  an equim olar benzene/bromobenzene so lu tio n  ( 50m l), and a 
known q u a n tity  o f c a ta ly s t  under s tudy . The reac tio n s  were allowed 
to  proceed to  com pletion in  the  usual manner over 72 hours a t 8 0 + 1®.
At th e  end o f re a c tio n  deposited  c a ta ly s t  was f i l t e r e d  o f f  and 
a known amount o f diphenylmethane (O .15- 0 . 2g) was added, and thé y ie ld s  
o f p roducts were estim ated  as p rev io u sly . The r e s u l ts  are  ta b u la ted  as 
Table ( 13) .
( o) The decom position o f benzoyl peroxide in  the so lu tio n  con tain ing  
vary ing  m olar r a t io s  o f benzene and bromobenzene.
A s e r ie s  o f experim ents w ith the  r e la t iv e  co n cen tra tions of 
bromobenzene and benzene va iy ing  from 2:1 to  1:2 were c a rr ie d  o u t.
Each re a c tio n s  were c a r r ie d  out by allow ing benzoyl peroxide (l.O g) 
to  decompose in  a t o t a l  volume o f 50ml. so lven t m ixture fo r  72 hours 
a t  8 0 + 1®. The a n a ly s is  and work-up o f the  re a c tio n  m ixtures were 
s im ila r  to  those  used in  the  com petitive re a c tio n  o f equimolar m ixture 
o f the  bromobenzene and benzene.
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B .Y The P hénylation  Reactions o f Fluorobenzene in  The Presence and
Absence o f A dd itive .
A s e r ie s  o f re a c tio n s  were c a r r ie d  out in  fluorobenzene follow ing 
th e  experim ental method as described  in  se c tio n  (E2) ,  in  the  presence 
and absence o f c a ta ly s t ,  and were allowed to  proceed to  completion 
over 72 hours a t  80 + 1®.
A known q u a n tity  o f c a ta ly s t  waa added to  fluorobenzene ( 50m l), 
and when equ ilib riu m  was e s ta b lish e d  a c a lc u la te d  amount o f benzoyl 
peroxide (l«Og) was added. Reactions co n ta in in g  the same co n cen tra tion  
o f  benzoyl peroxide but w ithout the  presence o f added c a ta ly s t  was a lso  
c a r r ie d  o u t. A ll experim ents were performed in  t r i p l i c a t e .
At th e  com pletion o f the  re a c tio n  a known amount o f pentam ethyl- 
benzene (0 .1 5 -0 .2 g ) was added, and the re a c tio n s  were worked-up in  the 
s tan d ard  manner.
Gas chromatography however, provided an incom plete a n a ly s is  of 
th e  p roducts o f t h i s  s e r ie s  o f re a c tio n s . Biphenyl and 2-flu o ro b ip h en y l 
were e a s i ly  reso lv ed  and th e i r  y ie ld s  were estim ated  ag a in s t the in te rn a l  
s tan d a rd . However the  a v a ila b le  s ta t io n a ry  phases o f d if f e r in g  chara­
c t e r i s t i c s  could not reso lv e  3 - and 4 -flu o ro b ip h en y l.
C a lib ra tio n  curves o f b iphenyl, 2 -fluo rob ipheny l and 4-fluo rob ipheny l 
a g a in s t pentam ethylbenzene were then co n s tru c ted . The a n a ly s is  o f sy n th e tic  
m ix tu res contcdning a l l  th re e  isom ers o f fluorob iphenyl showed th a t  
a summation o f th e  amount o f 3— and 4-^lu.orobiphenyl in  the m ixtures 
was ob ta ined  by th e  use o f the c a l ib ra t io n  curve fo r  pure 4 -flu o ro b ip h en y l, 
s in ce  th e  responses o f the  3— and 4“isom ers were q u a n ti ta t iv e ly  id e n t ic a l .
The r e s u l t s  fo r  the  re a c tio n s  conducted in  fluorobenzene are  shown 
in  Table ( I 5 ) .
36
G.L.C. A nalysis Data
Column : A.20.C Instrum ent : Perkin-Elm er P21D
Column tem perature ; 160® C arrie r  gas % Nitrogen
P ressu re  : 1Kp/cm^ A ttenuation  : z 64
R eten tion  Data -  (R e la tiv e  to  pentamethylbenzene)
Compounds R ela tive  re te n tio n  time
Pentamethylbenzene 1.00
Biphenyl 1. 6?
2-F luorob iphenyl 1.34
3-F luorob ipheny l I .5 I
4-F luorob iphenyl I .5 I
87
Table (15)
The decom position of benzoyl peroxide in  fluorobenzene in  the  presence 
and absence o f a d d itiv e s  a t 80® fo r  72 hours.
experiment c a ta ly s t PhPhF PhCOOH Ph-Ph isomer r a t io
number (g) (m/m) (m/m) (m/m) 2r m + p—
D. 1 n i l 0.6233 0.2524 0.091 48.2 51.8
D. 2 0.6214 0.2498 0.083 43.0 52.0
D. 3 0.6213 0.2508 0.084 43.4 51.6
D. average n i l 0.6220 0.2500 0.086 43.2 51.3
Cu. D, 1 cu p ric  benzoate O.89I6 0.8635 0.035 52.3 47.2
Cu. D. 2 ( 0 . 5 ) 0.8921 0.8641 0.036 52.9 47.1
Cu. D. 3 0.8929 0.8644 0.043 52.7 47.3
Cu. D. ave cu p ric  benzoate 0.8922 0.8640 0.038 52.9 47.2
Fe. D. 1 f e r r i c  benzoate 0.8281 0.8420 0.032 55.1 44.9
Fe. D. 2 ( 0 . 5) 0.8288 0.8400 0.034 54.1 45.9
Fe. D. 3 0.3304 0.8479 0.036 54.0 46.0
Fe. D. ave f e r r i c  benzoate 0.8291 0.8433 0.034 54.4 45*6
83
E,8  The Com petitive Reactions o f Benzoyl Peroxide in  Eguiniolar 
Benzene-Fluorobenzene M itu re  in  the Presence and Absence of 
A d d itiv es .
A s e r ie s  o f com petitive re a c tio n s , each con ta in ing  benzoyl peroxide 
(l.O g ) in  equim olar so lu tio n  o f benzene and fluorobenzene (50ml) were 
c a r r ie d  out in  t r i p l i c a t e ,  in  the  presence and absence o f c a ta ly s t ,  
and were allow ed to  proceed to  com pletion over 72 hours a t  8 0 + 1®.
A known q u a n tity  o f pentamethylbenzene ( 0 . 15- 0 . 2g) was added and 
th e  re a c tio n s  were worked-up as in  se c tio n  (S2) .
The y ie ld s  o f b ia ry ls  were estim ated  by th e  use of g . l . c .  w ith 
th e  same experim ental con d itio n s  and by using  th e  same c a l ib ra t io n  
curve as fo r  p rev ious experim ents.
The r e s u l t s  o f  t h i s  s e r ie s  o f experim ents are given in  Table ( l 6) ,  
th e  p a r t i a l  r a te  f a c to rs  o f m eta- and p a ra -fluorob ipheny ls were c a lc u la te d  
as a b r ie f  guide by u sin g  th e  meta^ : p a ra -  r a t io  ( I .9 8  : 1 ) determ ined 
by Lewis and Williams^^who s a t is f a c to ry  estim ated  th e  amount o f each 
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E,9  The Decomposition of Benzoyl Peroxide in  p-Dichloro'benzene 
in  the Presence and Absence of Metal Benzoates.
A s e r ie s  o f experim ents were c a r r ie d  out in  £-dichlorobenzene 
fo llow ing  the  u sual experim ental procedures in  the  presence and absence 
o f a d d it iv e s .
Benzoyl peroxide (l.O g) was added to  a  deaereated  so lu tio n  of 
£ -d ichlorobenzene (50g) and allowed to  decompose over 72 hours a t 80®.
S eparate  experim ents were a lso  cstrried  out , each co n ta in in g  m etal 
benzoate ( 0 .$g) and the  same peroxide co n cen tra tio n  as above.
Bibenzyl ( 0 . 5g) was added as the in te rn a l  s tandard  in  th i s  system. 
A c a l ib r a t io n  graph o f r e la t iv e  peak h e ig h t ag a in s t r e la t iv e  mole 
r a t io  was co n s tru c ted  f o r  2, 5-d ich lo ro b ip h en y l w ith b ib en zy l, and the 
y ie ld  o f 2 , 5-<üchlorobiphenyl was estim ated  using  the  fo llow ing 
a n a ly t ic a l  co n d itio n s
G.L.C. A nalysis Data
Column : C.20.C
Column tem perature ; 200^
2
P ressu re  ; 1 Kp/cm
Instrum ent : Perkin-E lm er F21D
C a rr ie r  gas : N itrogen
A ttenuation  : x 64
R eten tion  Data -  (R e la tiv e  to  b ibenzyl)
Compounds R ela tiv e  re te n tio n  tim es
Biben^yl 1.00
2 , 5-< iich lorob i phenyl 2.05
The r e s u l t s  a re  g iven in  Table ( 17)*
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Tabla ( 17)
The decom position o f benzoyl peroxide in  p-dichlorobenzene in  the
presence and absence of a d d itiv e s  a t 80® fo r  72 hours.
experim ent c a ta ly s t 2 , 5-d i  chlorobiphenyl
number (g ) (n^m peroxide)
B. 1 n i l 0.6646
B. 2 0.6643
E. 3 0.6641
*E. average n i l 0.6643
Cu* E* 1 cu p ric  benzoate 0.8890
Cu. E. 2 ( 0. 5 ) 0.8882
Cu. E. 3 0.8887
*Cu. E. average cu p ric  benzoate 0.8884
Fe. E. 1 f e r r i c  benzoate 0.9747
Fe. E. 2 ( 0 . 5 ) 0.9721
Fe. E, 3 0.9746
*Fe. E. average f e r r i c  benzoate 0.9733
2—Cl. E. 1 Ca(2 -ClCgH^C02)2 0.9559
2 " Cl. E. 2 ( 0 . 5 ) 0.9570
2“ Cl. E. 3 0.9560
*2-C l. E. average Cu(£-ClCgH 002)2 0.9563
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E, 10 The Com petitive Reactions o f Benzoyl Peroxide in  Ecpiimolar 
p—Dichlorobenzene and Benzene, Bromobenzene o r Ghlorohenzene 
in  the  Presence and Absence o f A dd itives»
( a) The com petitive re a c tio n s  o f benzoyl peroxide in  ecpiimolar
benzene-p-dichlorobenzene in  the presence and absence o f a d d it iv e .
Benzoyl peroxide ( l .o g )  was allowed to  decompose in  an equim olar 
m ixture o f g-d ichlorobenzene (25g) and benzene (l^m l) w ith  and w ithout 
a d d it iv e s .
At the  end o f the re a c tio n  bibenzyl ( 0 . 3- 0 . 5g) was added and 
the  y ie ld s  o f 2 , 5-<üchlorobiphenyl and biphenyl were c a lc u la te d  by 
the  use o f g . l . c .  u sing  the a n a ly tic a l  cond itions described  above.
An a d d itio n a l c a l ib r a t io n  graph was co n stru c ted  fo r  b iphenyl.
R eten tion  Time o f Biphenyl R ela tive  to  Bibenzyl 
Biphenyl 0.54
Bi benzyl 1.00
The r e s u l t s  o f th i s  s e r ie s  o f re a c tio n  are  given on Table ( l 8a ) .
(b) The com petitive re a c tio n s  of benzoyl peroxide in  equimolar 
p—dichlorobenzene-chlorobenzene in  the  presence and absence 
o f  a d d it iv e s .
Benzoyl peroxide (l.O g) was allow ed to  decompose in  an equimolar 
m ixture o f chlorobenzene (17.3m l) and jg-dichlorobenze ( I 5g) w ith or 
w ithout a d d itiv e  according to  the  s tandard  experim ental procedures 
fo r  th e  com petitive  re a c tio n s .
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At the  com pletion o f re a c tio n , dlphenylmethane ( 0 , 1g) and bihenzyl 
( 0*3g) were added as in te rn a l  standards to  determ ine the  y ie ld s  of 
ch lorob iphenyls and 2 ,5 -d ich lrob ipheny l re sp e c tiv e ly ,
A ,15»C column was used w ith the same g . l . c .  a n a ly tic a l  cond ition  
d escrib ed  in  se c tio n  ( S .3.b ) fo r  ch lorobiphenyls and column G.20. Ü 
w ith the  a n a ly t ic a l  cond ition  described  in  se c tio n  (3 . 9 ) fo r  the  
d e term ina tion  o f the  y ie ld  o f 2 ,5 -d ich lo rob ipheny l.
The r e s u l t s  are  given on Table (I8b)
(c )  The com petitive re a c tio n s  of benzoyl peroxide in  ecpiimolar 
p-dichlorobenzene-bromobenzene in  the presence and absence 
o f a d d it iv e s .
S im ila r  com petitive re ac tio n s  to  those described  above were 
c a r r ie d  out u sing  ^-dichlorobenzene-bromobenzene m ix tures.
Benzoyl peroxide (l.O g) was allowed to  decompose in  an equim olar 
m ixture o f £ -d ichlorobenzene (l$ g ) and bromobenzene (17.8m l) in  the 
presence and absence o f a d d itiv e  f o r  72 hours a t  80 + 1®.
At th e  com pletion o f re a c tio n , diphenylmethane (O .lg ) and bibenzyl 
( 0 . 3g) were added as in te rn a l  s tan d ard s . The y ie ld s  o f isom eric bromo- 
b iphenyls were estim ated  by the  use o f the  A.I5.C column and w ith 
experim ental co n d itio n s  s im ila r  to  those described  in  sec tio n  (3 . $ . a ) . 
The y ie ld s  o f 2 , 5- d i  chlorobiphenyl were estim ated  by the  use o f the
C.20.C column w ith  th e  a n a ly tic a l  cond itions described  in  se c tio n  (E .9 ) . 
The r e s u l t s  of th i s  s e r ie s  o f experim ents are  given in  Table ( l 3c ) .
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Table (18 a)
The décom position o f benzoyl peroxide in  ecpiinaolar p-diohlorobeazene-
benzene system in  the  presence and absence o f ad d itiv es  a t  80®.
experim ent a d d itiv e s  b ia iy l  P h C .a .C l. Ph-Ph ' ,
o j  2 £“ -^^ 2
number (g) ( t o t a l  m/m) (m/m) (m/m) fl ^
M. 1 n i l  0.7563 0 . 470? 0.2854 1.65
M. 2 0.7561 0.4692 0.2869 1.64 .
M. 3 0.7564 0.4706 0.2851 1.65
M. average n i l  O.756O 0.4702 0.2858 I.65
Cu. M. 1 cu p rio  benzoate 0.9578 O.654O O.3038 2.13
Cu. M. 2 (0 .5 )  0.9492 0.6449 0.3043 2.12
Cu. M. 3 0.9501 0.6460 0.3041 2.12
Cu. M. ave. cu p rio  benzoate 0.9494 0.6453 O.304I 2.12
Fe. M. 1 f e r r i c  benzoate 0.9628 0.6397 0.3231 1.98
Fe. M. 2 (0 .5 ) 0.9558 0.6354 0.3204 1.98
Fe. M. 3 0.9492 0.6300 0.3192 1.97
Fe. M. ave. f . r r i o  b en zo a t. 0.9559 0.6350 0.3209 1.98
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Table (18 b )
chlorobenzene system i n the  pres ence and absence o f a d d itiv e s  a t  80®.
experim ent b ia ry l  







isom er ra tio (P h C l) 
0 a  £
n i l
N. 1 0.5975 0.3058 0.2917 0.95 54.4 27.0 18.6
N. 2 0.5979 O.3O64 0.2915 0.95 54.6 27.3 18.0
N. 3 0.5984 0.3065 0.2919 0.95 54.7 27.3 13.0
N, average 0.5979 O.3O62 0.2917 0.95 54.6 27.3 18.1
ouprio  benzoate ( 0 . 5g)
Cu. N. 1 0.8263 0.4848 0.3415 0.70 57.1 25.7 17.2
Cu. N. 2 0.8300 0.4862 0.3438 0.71 57.4 25.4 17.2
Cu. N. 3 0.8297 0.4852 0.3445 0.71 57.0 25.6 17.3
Cu. N. ave. 0.8286 0.4854 0.3432 0.71 57.2  25.6 17.3
f e r r i c  benzoate ( 0 . 5%)
Fe. N. 1 0.8167 0.4734 0.3433 0.73 57.2  25.7 17.1
Fe. N. 2 0.8118 0.4718 0.3400 0.72 57.4 25.3 17.3
Fe. N. 3 0.8118 0.4706 0.3412 0.72 57.7 25.1 17.2
Fe. N. ave. 0.8134 0.4719 0.3415 0.72 57.4 25.4 17.2
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Table ( 18 o)
The decom position o f benzoyl peroxide in  equim olar p—dichlorobenzene—
bromobenzene system in  the presence and absence of addltlTes a t  80° .
experim ent b ia zy l 







isom er ra tio (P hB r) 
0  S  .£
n i l
0 . 1 0.7694 0.4786 0.2928 0.61 54.9 29.4 15.7
0 .  2 0.7663 0.4760 0.2903 0.61 54.4  29.9 15.7
0 .  3 0.7652 0.4753 0.2899 0.61 54.8 29.5 15.7
0. average 0.7670 0.4760 0.2910 0.61 54.7 29.6 15.7
cuprio benzoate (0 .5a)
Cu# 0# 1 0.8774 0.5203 0.3564 0.68 57.3 27.8 14.9
Cu. 0 .  2 0.8783 0.5212 0.3571 0.69 57.3 27.7 15.0
Cu. 0 .  3 0.8782 0.5209 0.3573 . 0.69 57.1 27.8 15.1
Cu. 0 .  ave. 0.8777 0.5208 0.3569 0.69 57.2  27.8 15.0
f e r r i c  benzoate (0 .5g)
F e. 0.  1 0.9206 0.5410 0.3796 0.70 54.4 28.8 16,8
F e. 0 .  2 0.9211 0.5427 0.3784 0.70 54.2  29.8 16.0
F e. 0 .  3 0.9192 0.5407 0.3785 0.70 54.5 29.0 I6 .5
Fe. 0 .  ave. 0.9203 0.5415 0.3788 0.70 54.4 29.2 16.4
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B*11 The Decomposition o f Benzoyl Peroxide in  1, 3 t 5-T richlorobenzene 
in  the  Presence and Absence o f F e r r ic  Benzoate.
A s e r ie s  o f re a c tio n s  each in  t r i p l i c a t e  was conducted according 
to  th e  experim ental method o u tlin e d  in  se c tio n  (2 . 2) .  The re ac tio n s  
were allowed to  proceed to  com pletion during  72 hours a t  80 + 1®.
For t h i s  s e r ie s  a known amount o f f e r r i c  benzoate ( 0 . 25- 0 . 3g) was 
added to  pure 1, 3 , 5- tr ich lo ro b en zen e  (25g) follow ed by th e  ad d itio n  
o f benzoyl peroxide ( 0. 5g) to  the  re a c tio n  when therm al equilibrum  
had been e s ta b lis h e d . Separate  experim ents were a lso  c a rr ie d  out 
w ithout a d d it iv e s .
At th e  com pletion o f the  re a c tio n  a  known amount o f bibenzyl 
(0 .2 -0 .2 5 g ) was added as an in te rn a l  s tandard  fo r  g . l . c .  a n a ly s is , 
and th e  re a c tio n  m ixture was f i l t e r e d  f re e  o f  d eposited  f e r r i c  benzoate 
(where th e  c a ta ly s t  was used) befo re  commencing the  normal work-up 
procedure.
The y ie l  o f  2 , 4 , 6- 1rich io ro b ip h en y l was estim ated  by th e  use 
o f  g . l . c .  w ith  th e  fo llow ing experim ental cond itions
G .L .C .A nalysis Data
Column ; C.20.C Instrum ent Perkin-E lm er F21D
Column tem perature  : 200® C a rr ie r  gas : N itrogen
P ressu re  : 1 Kp/cm^ A ttenuation  : x 64
R eten tion  Data -  (R e la tiv e  to  b ibenzyl)
Compounds R ela tiv e  r e te n tio n  tim es
Bibenzyl 1.00
2 , 4 »6-T rich lo ro b ip h en y l 2.33
The r e s u l t s  o b ta ined  are  ta b u la te d  as Table ( 19)*
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Table ( 19)
th e  presence and absence of a d d itiv e s  a t 80® fo r  72 hours.
experim ent c a ta ly s t 2 ,4 » 6- t r i  chlorobiphenyl
number (g) ( m/m peroxide )
P. 1 n i l 0.8603
F. 2 0.8671
F. 3 0.3703
F, average n i l 0.8661
Fe. F . 1 f e r r i c  benzoate 0 . 9571.
Fe. F. 2 ( 0 . 5 ) 0.9559
Fe. F. 3 0.9561
Fe. F. average f e r r i c  benzoate 0.9564
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E.12 The Competitive Reactions o f Benzoyl Peroxide in  Ecruitnolar 
1i 3«5-T richlorobenzene and Benzene o r Chlorobenzene in  the 
Presence and Absence of F e r r ic  Benzoate.
(a )  The com petitive re a c tio n s  o f benzoyl peroxide in  ecpiimolar 
benzene-1 , 3 , 5-trich lo ro b en zen e  in  th e  presence and absence 
o f f e r r i c  benzoate.
These re a c tio n s  were performed, each con ta in ing  benzoyl peroxide 
(l.O g) in  aneqiiimolar m ixture o f benzene (l$m l) and 1, 3 , 5- t r i c h lo r o -  
benzene (3 0 .7g) w ith  a known amount of added f e r r i c  benzoate ( 0 . 5g ).
The re a c tio n s  were allowed to  proceed to  com pletion during  72 hours , 
a t  8 0 + 1®, in  an atmosphere o f n itro g e n . At the  end o f t h i s  period  
a known amount o f the in te rn a l  s tandard , b ibenzyl ( 0#3- 0 . 4g)» was 
added and the  re a c tio n s  were woiked-up as o u tlin ed  in  se c tio n  (E .2) .
The y ie ld s  o f biphenyl and 2, 4»6- tr ic h lo ro b ip h e n y l were c a lc u la te d  
by g . l . c .  a n a ly s is  making use o f the  c a l ib r a t io n  curves p rev io u sly  
c o n s tru c ted  f o r  th ese  compounds.
A s e t  o f t r i p l i c a t e  experim ents was performed w ith  benzoyl 
peroxide (l.O g ) in  equim olar benzene ( l$ m l)-  1 , 3 , 5-trich lo ro b en zen e  
(3 0 .7&) in  th e  absence o f added f e r r i c  benzoate.
The r e s u l t s  are  ta b u la te d  in  Table ( 20a)
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Table (20 a )
trio h lo ro b en zen e  m ixture in th e  presence and a b e .n e . o f  a d d itiv e s  a t  8o'
experim ent
number
a d d itiv e s
(g )
b i a iy  1 Ph* Cl^ 





P. 1 n i l 0.9346 0.7786 0.1560 4.99  '
P . 2 0.9420 0.7846 0.1574 4.98
P. 3 0.9442 0.7867 0.1575 4.98
P. average n i l 0.9372 0.7803 0.1569 4.99
Fe. P. 1 f e r r i c  benzoate 0.9259 0.7679 0.1580 4.86
Fe. P . 2 ( 0 . 5) 0.9218 0.7644 0.1574 4.86
F e. P. 3 0.9228 0.7650 0.1578 4.85
Fe. P . ave. f e r r i c  benzoate 0.9236 0.7658 0.1578 4.86
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(b ) The com petitive reac tio n s  o f benzoyl peroxide in  ecruimolcir 
ch lorobenzene-1«3t5~ trich lorobenzene in  the  presence and 
absence o f f e r r i c  benzoate
Benzoyl peroxide (l.O g) was allowed to  decompose in  an ecpiimolar 
m ixture o f chlorobenzene (l5*5g) and 1 ,3 »5-trich lorobenzene (25g) w ith 
and w ithout f e r r i c  benzoate (0 .$g) fo r  72 hours in  an atmosphere of 
n itro g en  a t  80® according to  the normal experim ental procedures fo r  
th e  com petitive  re a c tio n s .
At th e  end of re a c tio n , diphenylme thane (O .lg ) and bibenzyl 
(0 .3 g ) were added as in te rn a l  standards to  determ ine the  y ie ld s  of 
ch lo rob ipheny ls and 2 ,4»6 -tr ich lo ro b ip h e n y l re sp e c tiv e ly .
A .I5.C  column was used w ith  the  g . l . c .  a n a ly tic a l  cond itions 
d esc rib ed  in  se c tio n  (E .3 .b ) f o r  ch lorob iphenyls, and column C.20.C. 
w ith  th e  a n a ly t ic a l  cond itions described  in  sec tio n  (B .10) fo r  the 
d e te rm in a tio n  o f the  y ie ld  o f 2,4»6 -tr ic h lo ro b ip h e n y l.
The r e s u l t s  from th i s  s e r ie s  o f experim ents a re  g iven in  Table 
(20 b ) .
103
Table (20 b )
The deooapoBition o f benzoyl peroxide in  equim olar 1, 3 , 5- tr io h lo ro b e n z en e -  
ohlorobengene gyatem in  the presence and absence o f a d d itiv e s  a t  80?
experim ent
number
b ia ry l  





isom er ra tio (P h C l) 
0 m £
n i l
Q. 1 0.8915 0.6987 0.1928 0.28 54.9 27.0 18.1
Q. 2 0.8999 0.7001 0.1998 0.28 55.0 27.1 17.9
Q. 3 0.8974 0.7009 0.1965 0.28 55.1 27.1 17.8
Q. average 0.8963 0.6999 0.1964 0.28 55.0 27.0 18.0
f e r r i c  benzoate (0 .5 g )
Fe. Q. 1 0.9571 0.7340 0.2231 0.30 57.2  25.3 17.5
Fe. Q. 2 0.9575 0.7336 0.2239 0.30 56.9 25.1 18.0
Fe. Q. 3 0.9640 0.7400 0.2240 0.30 57.2  25.5 17.3
Fe. Q. ave,, 0.9599 0.7359 0.2240 0.30 57.1 25.3 17.6
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E. 13 The Decomposition o f Benzoyl Peroxide in  Methyl Benzoate in  
the  Presence o f Metal Benzoates.
The re a c tio n s  were c a rr ie d  out in  methyl benzoate fo llow ing the 
normal experim ental procedure in  the  presence and absence o f m etal 
benzoate, and were allowed to  proceed to  completion during  72 hours 
a t  80 + 1®.
A known q u a n tity  o f c a ta ly s t  (c u p ric  benzoate o r  f e r r i c  benzoate) 
were added to  methyl benzoate (50ml) and th e  so lu tio n s  were allowed to  
e q u i l ib r a te ,  then  benzoyl peroxide (l.O g ) was added. Reactions were 
a lso  c a r r ie d  out u s in g  th e  same peroxide con cen tra tio n  but w ithout 
added c a ta ly s t .
At th e  end o f the  re a c tio n  a known q u an tity  o f b ibenzyl ( 0 . 2-  
0 .25s) was added to  the  re a c tio n  m ixture and were worked-up by the 
s tan d ard  procedure.
The y ie ld s  of methoxycarbonylbiphenyl were estim ated  by g . l . c .  
w ith  the  fo llow ing  experim ental co n d itio n s , and the  r e s u l t s  are  given 
in  Table ( 21) .
G.L.C A nalysis Data
Column : A.20C Instrum ent : Perkin-Elm er P21D
Column tem perature ; 200® C a rr ie r  gas : N itrogen
P ressu re  : 1 Kp/cm^ A ttenuation  : x 64
R eten tion  Data -  (R e la tiv e  to  b ibenzyl )
Compounds R ela tive  re te n tio n  tim es
Bibenzyl 1.00
2-M ethoxycarbonylbiphenyl 1.29




and absence of a d d itiv e s  a t  80® fo r  72 hours.
experiment c a ta ly s t  PhC.H,COi%e 0 4 Z PhCOOH isom er r a t io
number (g) (m/m) (m/m) 0— m— £—
G. 1 n i l 0.6246 0.2508 48.1 20.0 31.9
G. 2 0.6277 0.2514 48.4  19.8 31.8
G. 3 0.6287 0.2514 48.0  19.8 32.2
G. average n i l 0.6266 0.2512 48.1 19.9 32.0
Cu# G# 1 cuprio  benzoate . 0.8102 0.8003 56,9 16.5 26.6
Cu. G. 2 ( 0 . 5 ) 0.7978 0.7976 56.4 16.4 27.2
Cu. G. 3 0.8033 0.7991 56.8 16.1 27.1
Cu. G. ave. cu p ric  benzoate 0.8013 0.7990 56.6  16.3 27.1
Fe. G. 1 f e r r i c  benzoate 0.7749 0.7256 53.2  16.5 30.3
Fe. G. 2 ( 0 . 5 ) 0.7737 0.7249 53.9 16.5 29.6
Fe. G. 3 0.7742 0.7254 53.1 16.7 30.2
Fe. G. ave. f e r r i c  benzoate 0.7741 0.7253 53.4  16.5 30.1
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E. 14 The Competitive Reactions o f Benzoyl Peroxide in  Equimolar 
Benzene—Methyl Benzoate in  the Presence and Absence of 
Metal Benzoates.
Benzoyl peroxide (l.O g) was allowed to  decompose in  an equim olar 
m ixture of methyl benzoate and benzene ( 5(kil) w ith and w ithout a d d itiv e s  
(c u p ric  benzoate o r f e r r i c  benzoate). The rea c tio n s  were c a r r ie d  out 
accord ing  to  the  standard  co n d itio n s described  in  se c tio n  (E .2) .
B ibenzyl ( 0 . 2- 0 . 25g) was added as an in te rn a l  s tandard , the  
re a c tio n  m ixture was processed by the  s tandard  method and analysed 
by g . l . c .  u s in g  th e  a n a ly t ic a l  con d itio n s  described  above. An a d d itio n a l 
c a l ib r a t io n  graph o f r e la t iv e  peak h e ig h t ag a in s t r e la t iv e  mole r a t io  
was c o n s tru c ted  f o r  biphenyl w ith b ibenzyl as in ta m a l  standard  to  
determ ine th e  y ie ld  o f  biphenyl in  th ese  re a c tio n s .
R eten tion  Time o f Biphenyl R e la tiv e  to  Bibenzyl 
Compounds R ela tiv e  re te n tio n  tim es
Biphenyl 0.54
Bibenzyl 1.00
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B*15 The Decomposition o f Benzoyl Peroxide in  Benzophenone in  the 
Presence and Absence o f Metal Benzoates.
A s e r ie s  o f experim ents each in  t r i p l i c a t e  were c a r r ie d  out 
according  to  the  method described  in  se c tio n  ( e . 2) in  the presence 
and absence o f a d d itiv e s  (cu p ric  benzoate o r  f e r r i c  benzoate).
In  each re a c tio n  benzoyl peroxide (l.O g) was added to  a deae­
ra te d  so lu tio n  o f benzophenone (50g) amd the  re a c tio n s  were allowed 
to  proceed to  com pletion during  J 2 hours a t  80 + 1®.
Experim ents were a lso  c a r r ie d  out u s in g  the same co n cen tra tio n s  
o f peroxide as above but in  the  presence o f m etal c a ta ly s ts  ( 0 . 5g ) .
Triphenylmethane ( 0 . 08- 0 . 1g) was added a t  the  com pletion o f 
re a c tio n  as the  in te r a a l  s tan d ard . The A .15*0 column was found to  be 
s u ita b le  fo r  th e  q u a n ti ta t iv e  a n a ly s is .  With th i s  column a l l  the 
m ajor re a c tio n  p roducts are  com pletely sep ara ted , and th e  y ie ld s  of 
phenylbenzophenones were estim ated  by th e  use o f c a l ib ra t io n  curves 
c o n s tru c ted  fo r  th e  in d iv id u a l isom eric  phenylbenzophenones ag a in s t 
triphenylm ethane as in te rn a l  s tan d ard ,
The a n a ly t ic a l  con d itio n s  to g e th e r  w ith  the  re te n tio n  d a ta  
a re  given below: —
G.L.C. A nalysis Data
Column : A .15#C Instrum ent : Pye 104
Column tem perature : 200® C a rr ie r  gas : N itrogen
2 —2 P ressu re  : 1 Kp/cm A ttenuation  : 50 % 10
110
R etention Data -  (R e la tiv e  to  triphenylm ethane)





The r e s u l t s  o f th e se  re a c tio n s  a re  summarised in  Table ( 23)
E.16 The Com petitive Reactions o f Benzoyl Peroxide in  Scjulmolar 
Benzophenone-Benzene in  th e  Presence and Absence o f Metal 
B enzoates. .
Benzoyl peroxide (l.O g) was allow ed to  decompose in  an equim olar 
m ixture o f benzophenone ( 22. 3g) and benzene ( 10ml) a t  80 + 1° fo r  
72 hours under a  steady  stream  o f n itro g e n  gaa in  a  therm osta t in  the  
presence and absence o f a d d itiv e s  (cu p ric  benzoate o r f e r r i c  benzoate).
At th e  end o f th e  re a c tio n s  triphenylm ethane ( 0 . 05- 0 . 08g) was 
added and th e  y ie ld s  o f b ia ry ls  were estim ated  using  th e  c a l ib ra t io n  
curves d esc rib ed  in  previous se c tio n  (c se c tio n  B .15) w ith an a d d itio n a l 
c a l ib r a t io n  graph o f r e la t iv e  peak h e ig h t ag a in s t r e la t iv e  mole r a t io  
fo r  b iphenyl w ith triphenylm ethane as an in te rn a l  s tandard  to  determine 
th e  y ie ld  o f b ipheny l. The a n a ly t ic a l  co n d itio n s  described  in  sec tio n  
(3 .1 5 ) were used fo r  g . l . c .  an a ly s is  o f th ese  s e r ie s  o f re a c tio n s , and 
th e  r e s u l t s  a re  given on Table ( 24) .
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Table (23)
The decom position o f benzoyl peroxide in  benzophenone in  the presence
emd absence o f a d d itiv e s  a t 80^ fo r  72 hours.
experiment c a ta ly s t phenylbenzophenone isom er r a t io
number (g) (m/m) 2r m- £ -
H. 1 n i l 0.8262 39.5 21.1 39.4
H. 2 0.8642 41.3 20.4 38.3
H. 3 0.8422 39.2 21.8 39.0
H. average n i l 0.8442 40.0 21.1 38.9
Cu« H. 1 cu p ric  benzoate 0.8853 50.0 17.5 32.5
Cu. H* 2 ( 0 . 5 ) 0.8824 50.5 17.4 32.1
Cu. H. 3 0.8843 49.8 17.9 32.3
Cu. E. ave. cu p ric  benzoate 0.8840 50.1 17.6 32.3
Fe. H. 1 f e r r i c  benzoate 0.9869 47.9 18.1 34.0
Pe. H. 2 ( 0. 5 ) 0.9862 47.6 18.6 33.8
Fe. H. 3 0.9879 47.6 19.1 33.3
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B, 17 The Decomposition of Benzoyl Peroxide in  B en zo n itrile  in. the 
Presence and Absence of Metal Benzoates.
A s e r ie s  o f  experim ents was performed according to  the  standard  
procedure. Benzoyl peroxide (l.O g) was allowed to  decompose in  benzo­
n i t r i l e  (50ml) fo r  72 hours under a stream  o f n itro g en  a t  80 + 1° in  
the  presence and absence o f m etal benzoates (cu p ric  benzoate o r f e r r i c  
b en zo a te ).
At th e  end o f th e  re a c tio n s , b ibenzyl ( 0 . 1—0. 2g) was added as 
an in te rn a l  s tan d ard  fo r  the  q u a n ti ta t iv e  determ ination  o f cyanobiphenyls.
The r e la t iv e  peak h e ig h t of cyanobiphenyls to  b ibenzyl was determ ined
'■
and t h e i r  y ie ld s  a re  determ ined from the  r e la t iv e  peak h e ig h t ag a in s t
r e la t iv e  mole r a t io  c a l ib r a t io n  curves construc ted  f o r  th e  in d iv id u a l
isom eric  cyanobiphenyls.
The a n a ly t ic a l  co n d itio n s  to g e th e r  w ith th e  re te n tio n  d a ta  are  
g iven  below, and th e  r e s u l t s  ob tained  a re  shown in  Table ( 25) .
G.L.C. A nalysis Data
Column : A .I5.C Instrum ent : Pye IO4
Column tem perature ; 180° C a rr ie r  gas : N itrogen
2 —2 P ressu re  : 1 Kp/cm A ttenuation  : 50 % 10
R eten tion  Data -  (R e la tiv e  to  b ibenzyl)
Compounds R e la tiv e  re te n tio n  tim es
B ibenzyl 1.00
2- Cyanobi phenyl I.4O




The decom position o f benzoyl peroxide in  b e n z o n itr ile  in  th e  presence
and absence o f  a d d itiv e s  a t  90° fo r  72 hours.
experiment c a ta ly s t PhC.H.CN 0 4 Ph-Ph isom er r a t io
number (g) (m/m) (m/m) 0— m— 2^
I .  1 n i l 0.7238 0.086 51.9 17.5 30.6
I .  2 0.7212 0.037 52.6  17.2 30.2
I .  3 0.7249 0.088 52.4 17.5 30.1
I .  average n i l 0.7233 O.O87 52.3 17.4 30.3
Cu. I .  1 cu p ric  benzoate 0.7848 — 57.1 15.1 27.8
Cu. I .  2 ( 0 . 5 ) 0.7824 — 56.9 15.3 27.8
Cu. I .  3 0.7824 — 57.0 15.2 27.8
Cu. I .  ave. cup ric  benzoate 0.7832 — 57.0 15.2 27.8
Pe. I .  1 f e r r i c  benzoate 0.8350 0.030 57.4 15.8 26.8
Fe. I .  2 ( 0 . 5) 0.8335 0.026 57.7 15.7 26.6
Fe. I .  3 0.8326 0.028 57.7 15.7 26.6
Fe. I .  ave. f e r r i c  benzoate 0.8337 0.028 57.6  15.7 26.7
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E .l8  The C om petitive R eactions o f  Benzoyl P eroxide in  Scpiimolar 
B en zen e-B en zo n itr ile  in  the  P resence and Absence o f  M etal 
B en zoates.
A number o f experim ents, each w ith benzoyl peroxide (l.O g) and 
a  known amount o f a d d itiv e  (c u p ric  benzoate o r f e r r i c  benzoate o r 
none) in  an equim olar m ixture o f benzene ( 21. 5ml) and b e n z o n itr ile  
( 24#8m l), were performed in  t r i p l i c a t e  according to  th e  s tandard  
procedure d esc rib ed  p rev io u sly , f o r  th e  d u ra tio n  of 72 hours a t  8 0 + 1*^ .
At th e  com pletion o f re a c tio n  a known q u a n tity  o f b ibenzyl 
(O .l—0 . 2g) was added as an in te rn a l  s tan d ard , and the re a c tio n  m ixture 
was processed  by the  s tandard  method. The y ie ld s  o f b iphenyl and 
cyanobiphenyls were estim ated  us in g  th e  g . l . c .  a n a ly t ic a l  cond itions 
d escrib ed  in  above se c tio n . An a d d itio n a l c a l ib ra t io n  graph o f r e la t iv e  
peak h e ig h t a g a in s t r e la t iv e  mole r a t io  was co n stru c ted  f o r  biphenyl 
w ith  b ibenzy l as an in te rn a l  s tandard  to  deteim ine th e  y ie ld  o f biphenyl 
in  th e se  r e a c t io n s .
R eten tio n  Time o f  B iphenyl R e la t iv e  to  B ib en zyl
Compounds R ela tiv e  r e te n tio n  tim es
Biphenyl 0.54
Bibenzyl 1.00
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I I I .  DISCUSSION
D.1 The Decomposition o f Benzoyl Peroxide in  Benzene. Chlorobenzene
and Bromohenzene in  the  Presence and Absence o f A dditives a t 80°.
( a) The decom position o f benzoyl peroxide in  benzene, chlorobenzene 
and bromobenzene in  th e  absence o f a d d it iv e s .
The r e s u l t s  o f th e  decom position o f benzoyl peroxide in  benzene, 
ohlorobenzene and bromobenzene in  the  absence o f a d d itiv e s  axe shown 
in  ta b le s  ( 8) , ( 9 ) and ( 12)
The mechanisms and k in e t ic s  o f th e  therm al decom position o f 
benzoyl peroxide in  th ese  so lv en ts  have received  the g re a te s t  a t te n t io n  
by many w orkers, and in  p a r t ic u la r  th e  re ao tio n  o f benzoyl peroxide in  
benzene, have been su b jec t o f ex tensive  k in e tio  s tu d ie s .  The ex isten ce  
o f an induced rea o tio n  lead in g  to  an o rd e r o f  1.5 iu  perox ide , which 
accompanies th e  f i r s t - o r d e r  prim aiy  homolysis in to  benzoyloiy r a d ic a ls ,  
in  a  number o f so lv en ts  in c lu d in g  some arom atic so lv en ts  such as benzene 
was f i r s t  brought to  l ig h t  by Nozaki and B a x tle tt^ ^ . F u rth e r  in v e s tig a ­
t io n s  in  th e  re a c tio n s  o f benzoyl peroxide w ith  benzene i t s e l f  by G il l  
and W illiam s e s ta b lish e d  th e  decom position o f benzoyl peroxide in  
benzene, obeyed a  k in e t ic  law o f the form ( 61) :
- d [ P l /d t  .  Ic jp ]  + k^ygP^/^ ( 61)
The k in e t ic s  o f t h i s  form are  given by such a system provided 
the chains axe term inated  by a  d im érisa tio n  o r  d isp ro p o rtio n a tio n  
resU/tion in v o lv in g  l ik e  r a d ic a ls ,  such as two phenylcyclohexadienyl 
r a d ic a ls  [63 ( i )  and ( j ) J  .
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However, w hile th i s  p ic tu re  p rov ides adequately fo r  re ac tio n s
o f  benzoyl peroxide in  benzene and chlorobenzene, the  corresponding
re a c tio n  in  bromobenzene i s  d i f f e r e n t .  In  bromobenzene i t  i s  found
th a t  i t  i s  the  re a c tio n s  between u n lik e  ra d ic a ls  63(g) which provide
th e  main te rm in a tio n  re a c tio n s  and both d im érisa tio n  and disproportion*
47n a tio n  a re  much reduced , w ith a  consequent in c rease  in  th e  y ie ld s  
o f b ia iy ls  and benzoic ac id  as seen in  the  p resen t work, the y ie ld s  
o f  bromobiphenyl8 a re  much h i ^ e r  than  those o f biphenyl o r  chloro— 
b ip h en y ls . This d iffe re n c e  in  mechanism i s  a t t r ib u te d  to  the  g re a te r  
s t a b i l i t y  o f the  benzoyloxy-radioal in  bromobenzene, probably as the 
r e s u l t s  o f the  form ation o f a o n e-e lec tro n  t r a n s f e r  complex such as 
form ula ( 62) w ith  the  so lv en t^? .
H
\  ^
Br. O'CO'Ph (- .Br 0* CO *Ph
“O I
( 62)
«Br 0 * CO "Ph
The form ation  o f m ajor products in  the  decom position of benzoyl 
perox ide in  benzene in  the  absence o f a d d itiv e s  can be accounted 
fo r  by th e  sequence o f re a c tio n  shown below, those marfced w ith  an 
a sk e r isk  being  o f very minor im portance when the  re a c tio n  i s  conducted 
a t  80° .
(a )  (PhCO'O)^
(b) PhC0*0 *
(c )  Ph' + PhH
2 PhCO'O* 
Ph * + CO, 
[Ph'PhH].
( 6 3 )
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(d )*  PhCO'0 ' + PhH ------------> [phCO-OPhH]'
(e ) [PhPhH> + (PhCO'Ojg -------- > Ph-Ph + PhCO^H + PhCO'O'
( f )*  [PhCO'OPhH]* + (PhCO.O)g - , PhCO-OPh + PhCO^H + PhCO
(g)*  [Ph-PhH]. + P h C O ' O ' ----------- , Ph-Ph + PhCOgH
(h)*  [PhCO.OPhH]. + PhCO 0 -----------^ PhCO**CPh + PhCO^H
( i )  2 TPh-PhHl- ^ Ph.Ph + PhPhH^
( j )  2 [Ph.PhH ]' -  , (Ph.PhH)g
(k )*  2 iPhCO'OPhHl. —— — oxygen-contadning d im érisa tio n  and
d isp ro p o rtio n a tio n  p roducts.
The re a c tio n  w ith chlorobenzene follow s a s im ila r  p a t te rn  but 
w ith bromobenzene th e  re ac tio n  corresponding to  (g) assumes much 
g re a te r  im portance and the  re ac tio n s  corresponding to  ( i )  and ( j )  
become in s ig n if ic a n t .
( b) The e f f e c ts  o f ad d itiv e s  on the decom position o f benzoyl 
peroxide in  benzene,chlorobenzene and bromobenzene.
cc c ^
The presence o f o x id is in g  agents such as o x y g e n ,* n i t r o -  
compounds^^'^^and m etal benzoates^^ '^^du ring  th e  decom position of 
benzoyl peroxide in  arom atic so lven t i s  known to  in c rease  th e  y ie ld s  
o f  p roducts by p a r t ic ip a t in g  in  s tep s  (d) and (g) in  th e  follow ing 
equation  :
(a )  ( P h C O . O ) ^ ------------ 2 PhCO'O'
(b ) PhCO'O. ----------Ph. + COg
(c )  Ph- + ArH ----------- Ph'ArH





2 [ph 'A ra]. 
2 [P h 'A ra]' 




The e f fe c ts  o f quinones, n i t ro —compounds and m étal benzoates 
on the  decom position o f benzoyl peroxide in  benzene chlorobenzene 
and bromobenzene a re  shown in  Tables (8 ) , ( 9 )  and ( 12) .
(1 ) The e f f e c ts  o f  quinones on the decom position o f benzoyl peroxide 
in  benzene, chlorobenzene and bromobenzene.
Table ( 27)
The products o f decom position of benzoyl peroxide in  benzene, ch loro— 
benzene and bromobenzene in  the presence and absence o f quinones a t 80^
so lv en ts a d d itiv e s b ia zy l benzoic ac id  isom er r a t io s
(m/m) 0 m £
benzene none 0.3882 0.2500 ------
£ -c h lo ra n il* 0.5082 0.4744 ------
e -c h lo ra n il* 0.5610 0.4896 ------
chlorobenzene none 0.4024 0.3387 54.6 24.2 17.2
* -ch lo ra n il* 0.5372 — 56.9 25.6 17.5
o -c h lo ra n il 0.6358 — ' 58.3 24.4 17.3
bromobenzene none 0.7454 0.9536 54.2 30 .4  15.4
2 -c h lo ra n il* 0.7515 54.0  30.5 15.5
o -c h lo ra n il 0.8166 --- 55.7 29.1 15.1
* in d ic a te s  th e  a d d itiv e s  being added a f t e r  the  com pletion o f decom position 
o f benzoyl perox ide .
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The r e s u l t s  o f th e  décom position o f benzoyl peroxide in  benzene, 
chlorobenzene and bromobenzene in  the presence and absence o f quinones 
(o ;-ch lo ran il o r  p^-chloranil) a re  summarised above as Table ( 27) .
Quinones comprise the  powerful c la s s  o f organic o x id is in g  ag en ts . 
The mechanism fo r  dehydrogenation o f hydro arom atic compounds proceeds 
in  a tw o-stage io n ic  p ro cess . The most com pelling evidence fo r  the  io n ic  
mechanism a r is e s  from the  occurence o f a  number o f neighboring-group 
e f f e c ts  similaur to  those which o fte n  accompany unim olecular s o lv o ly s is . 
The i n i t i a l  s tep  in  the  o v e ra ll re a c tio n  sequence i s  the  form ation o f 
c h a rg e - tra n s fe r  complex between donor and accep to rs analogous to  th a t  
p o s tu la te d  in  D iels-A lder^^ re a c tio n .
The re a c tio n  between te tra h y d ro -1, 4-benzoquinone and 1, 4-d ihydro— 





Thus th e  ad d itio n  o f a -  o r  £ -c h lo ra n il  a f t e r  th e  com pletion of 
re a o tio n  improves the  y ie ld s  o f b ia ry ls  by o x id is in g  d ih y d ro b ia iy ls  as 
in  (6 5 ). This e f fe c t  was a lso  observed in  the  p resen t work, where the 
a d d itio n  o f quinones a f t e r  the com pletion o f decom position o f benzoyl 
peroxide in  benzene and chlorobenzene re s u lte d  in  in creased  y ie ld s  of
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biphenyl and chlorobiphenyl re sp e c tiv e ly , and in  the l a t e r  case the 
in c reased  y ie ld  was accompanied by s l ig h t  a l te r a t io n  in  the isomer 
r a t io  in  which the o-isom er in creased  a t  the  expense o f ^ iso m e r ,w h ile  
th a t  o f  the g-isom er seemed to  remain unchanged.
However quinone auided a f t e r  the com pletion o f decom position o f 
benzoyl peroxide in  bromobenzene showed no s ig n if ic a n t  in c rease  in  the  
y ie ld  o f bromobiphenyls, nor was an a l te r a t io n  of isom er r a t io s  observed, 
in d ic a t in g  th e  form ation o f c h a rg e -tra n s fe r  complexes o f type ( 62) 
between benzoyloxy-rad ioal and bromobenzene which b rin g s  about the  f i r s t  
o rd e r induced re a c tio n  observed by G ill  and W illiam s^^, and g iv in g  the  
low y ie ld  o f re sid u e  and apparent absence o f d ihydrobiphenyls.
Experim ents were a lso  c a r r ie d  out in  which quinones were p resen t 
during  th e  decom position o f benzoyl peroxide in  benzene,chlorobenzene 
and bromobenzene.
Quinones p re sen t du ring  the  re a c tio n  can a lso  compete fo r  the  a r y l -  
cyclohexadienyl r a d ic a l  as w ell as  o x id is in g  the  d ih y d ro b ia iy ls , and 
should th e re fo re  r e s u l t  to  the  h ig h er y ie ld s  o f b ia iy l  compered w ith 
th e  experim ents where quinone was added a f t e r  the com pletion o f the 
re a c tio n  by e lim in a tin g  the  d im érisa tio n  and d isp ro p o rtio n a tio n  of<f*- 
r a d ic a ls  r e s u l t in g  in  high b o ilin g  re s id u e . The r e s u l t s  given in  Table 
(27) shows a s l ig h t  in c rease  in  the y ie ld s  o f b ia iy l  in  a l l  th re e  so lv e n ts .
The e f fe c ts  o f ^ c h l o r a a i l  in  the decom position o f benzoyl peroxide 
in  th e se  so lv e n ts  can be in te rp re te d  by th e  fo llow ing  re a c tio n  scheme 2
(a )  (PhCO'Ojg-------------- ------------------->
(b) PhCO'O'-------------------------------------» Ph ' CO, ( 66)
(c )  Ph ' + P h X ------------------ * Ph H
(d)
(•)




2 (X III) 
2 (X III)
(h) Ph*PhXE_ + ^ f T l ^
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•  : n :
Cl
( X •  H, Cl o r  Br)
Quinones p re sen t during  the  reao tio n  can he seen as in c re a s in g  the  
re a c tio n  r a te s  o f s tep s  (e )  and (h ) ,  a t  th e  expense o f ( f )  and (g ) ,  
hence p rov id in g  more benzoyloxy-radic a ls  fo r  subsequent p h ény la tion .
I t  was a lso  noted th a t  here  again  a  s l ig h t  in c rease  in  o-isom er 
ocoured when o -c h lo ra n il  was p resen t du ring  th e  re a c tio n , p o ss ib le  
ex p lan a tio n  f o r  t h i s  observation  w il l  be d e a lt  w ith in  th e  l a t e r  s e c tio n .
In  th e  decom position o f benzoyl peroxide in  benzene usin g  both 
and P -c h lo ra n il  sis o x id is in g  agen t, the  r e s u l t  in d ic a te d  th a t  - 
o -ch lo ram il i s  s l ig h t ly  b e t te r  o x id is in g  agent than  th e  g -isom er.
(2) The e f fe c ts  o f nitro-oompounds on the decom position o f benzoyl 
peroxide in  benzene, chlorobenzene suid bromobenzene.
The e f fe c t  o f th e  presence o f nitro-compounds in  phénylation  
re a c tio n s  w ith benzoyl peroxide in  in c re a s in g  the y ie ld s  o f b ia iy ls  
and a ro ic  a c id  i s  r e fe r re d  to  sis the *n itro -g roup  e f fe c t" .
This e f f e c t  i s  f u r th e r  confirmed by th e  p resen t r e s u l t s .
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The decomposition o f benzoyl peroxide in  benzene, chlorobenzene 
and bromobenzene in  the presence o f ^ d in itro b e n z e n e , n itrosobenzene 
o r  pen taflu o ro n itro so b en zen e , summarised in  Table ( 28) ,  show a  la rg e  
in c rea se  in  the  y ie ld s  o f biphenyl and chlorobiphenyls and to  a le s s e r  
ex ten t in  bromobi phenyls when nitro-compound was p resen t during  the  
re a c tio n .
Table ( 28)
The y ie ld s  o f b ia ry ls  from the  re ac tio n  o f benzoyl peroxide w ith benzene.
compounds a t  80° .
so lv en ts  a d d itiv e s b ia ry l isom er r a t io s
















m -dini trobenzene 









0.4024 54.6 27.2 17.2
0.7542 52.6 28.6 18.8
0.8427 56.1 25.9 18.0
0.8049 58.2 24.4 17.4
0.7454 54.2 30.4 15.4
0.8500 54.8 29.7 15.5
0.7928 54.9 29.3 15.3
0.8238 54.0 29.8 16.2
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I t  has been shown th a t  the  e f fe c tiv e  c a ta ly s ts  resp o n sib le  fo r  
the  conversion o f a ry l cyclohexadienyl ra d ic a ls  to  b ia ry l  are  the 
n itro x id e  ra d ic a ls  formed from the  n i tro so —compound, which i t s e l f  
a r is e s  from the  red u c tio n  of the n i tro —c o m p o u n d ^ b ased  on the 
o b serv a tio n s  th a t  n itrosobenzene and phenylhydroxylamine (which i s  
converted in to  n itrosobenzene) are  much more e f fe c tiv e  than  n itrobenzene, 
and the  sm all amount o f n i t ro —compound recovered a t  the end o f the  
re a c tio n  would, as nitroso-compound, be s u f f ic ie n t  to  produce the 
observed e f f e c t ,  and a lso  e . s . r .  spectroscopy revealed  the presence 
o f a s ta b le  r a d ic a l ,  a n itro x id e , in  resictions ca ta ly sed  by n i t ro ­
compounds.





















Ar-yuO + Ph-Ph + ^
Ph
These s ta b le  ra d ic a ls  could then o x id ise  c r-rad ic a ls  to  form b ipheny ls, 
them selves being reduced to  the  hydroxylamine d e r iv a tiv e  which then 
p ropagates a r a d ic a l  chadn by re a c tin g  w ith  benzoyl peroxide according 
to  the  fo llow ing  scheme ( 63)
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( a) ArNOg
(b) ArNO + Ph'
(o) A i^M * + (Ph*C^H^)«
Ph
(d) Ar-1M)H + (PhC0"0)2
Ph









•4 PhCO'O' + PhCO^H + Ph-N-0 '
At
4  PhCOgH + Ph-JS-0 '
At
The observed in c rease  in  the y ie ld  o f biphenyl in  th e  experim ents 
wher nitro-compound was p resen t during th e  decom position of benzoyl 
peroxide in  benzene can be explained by n itro x id e  r a d ic a ls  formed v ia  
m^-dinitrobenzene, n itrosobenzene o r pen tafluoron itrosobenzene e f fe c t iv e ly  
removing the  c r-rad ic a ls  (69 b ) , hence reducing th e i r  o pportun ity  to  














102C halfont, Hey, Liang and P erk ins ( 1971) found in  the  decom position 
o f benzoyl peroxide in  chlorobenzene th a t  sm all q u a n ti t ie s  of n itro so ­
benzene produced high y ie ld s  o f benzoic ac id  and ch lorob ipheny ls, y e t 
n itrobenzene w£ls almost w ithout e f fe c t  on th e  re a c tio n . They suggested 
th a t  c h lo r in e -s u b s ti tu te d  phenylcyclohexadienyl ra d ic a ls  reduce 
n itrobenzene to  n itrosobenzene much le s s  e f f ic ie n t ly  than  to  the un— 
s u b s t i tu te d  r a d ic a ls .  However in  the p resen t work, i t  was found th a t  
the  presence o f m -dinitrobenzene in  the phény la tion  o f chlorobenzene
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in c reased  the y ie ld  o f chlorobiphenyls almost e f fe c t iv e ly  as th a t  of 
n i t r 0ao-compounds•
A s im ila r  p ic tu re  to  the re a c tio n  scheme of benzene would exp lain  
th e  in creased  y ie ld s  o f ch lorobiphenyls and benzoic ac id  in  the chloro— 
benzene re a c tio n .
C halfont, Hey, Liang and Perk ins a lso  n o ticed  with the experim ents 
to  which nitrobenzene was added w ith chlorobenzene th a t  the y ie ld s  o f 
^ c h lo ro b ip h e n y l was cu rio u sly  low; the  same tren d  was observed in  
p re sen t work using  m—d in itrobenzene . However the  presence of e i th e r  
n itrosobenzene o r pentsLfluoronitrosobenzene in  chlorobenzene as in  
re a c tio n  ca ta ly sed  by o -c h lo ra n il in c reased  th e  y ie ld  o f o-chloro— 
bipheny l. This might be due to  s e le c tiv e  removal o f m- and g -c h lo rin a te d  
phenylcyclohexadienyl ra d ic a l by sm all q u a n ti t ie s  o f n itrobenzene during 
red u c tio n  to  n itrosobenzene as in  equation ( 6%).
The in c re a se  in  the  y ie ld s  o f bromobiphenyls in  the  presence of 
m -d in itrobenzene, n itrosobenzene o r pen tafluoron itrosobenzene during 
th e  decom position are  le s s  sp ec ta c u la r  here than elsewhere because 
o f  the  a lread y  r e la t iv e ly  high y ie ld  o f uncatalysed  re a c tio n . The ro le s  
p layed by nitro-compound in  bromobenzene can be v isu a lis e d  as in  benzene 
re a c tio n , but to  a le s s e r  ex ten t
Nitrosobenzene and pen tafluoron itrosobenzene behaved s im ila r ly  
towards in c re a s in g  the y ie ld s  and in  the  e f fe c t  on the  isom er r a t io s  
o f b ia r y ls .  The presence o f f iv e  s tro n g  e le c tro n  withdrawing f lu o r in e  
in  pen tafluoron itrosobenzene which renders th e  H-system somewhat e le c tro n  
d e f ic ie n t ,  and a lso  causes the n itro -g ro u p  to  be le s s  e le c tro n -r ic h , 
showed no v is ib le  d iffe ren ce  in  p resen t experim ents.
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( 3) The e f fe c ts  of f e r r i c  benzoate, ouprio benzoate and p—s u b s titu te d  
cup ric  benzoates on the decomposition o f benzoyl peroxide in  
benzene, chlorobenzene and bromobenzene.
The d iscovery  o f Khar ash e t  a l^^ th a t  tra c e s  o f copper u su a lly  
as cuprous ch lo rid e  o r bromide, and to  some ex ten t o th e r t r a n s i t io n a l  
m eta ls , profoundly a l te re d  the course o f re a c tio n  between organic 
peroxide and a v a r ie ty  o f organic substances, has evoked considerab le  
in t e r e s t  in  e lu c id a tin g  the mecheuiism of th ese  im portant re a c tio n s .
K o c h i^ su m m a rise d  the mechanism o f these  rea c tio n s  by postu­
la t in g  two p o ss ib le  c la s se s  of re a c tio n ; an e le c tro n - tr a n s fe r  o r 
* outer-sphere*  mechanism, and a  l ig a n d - tra n s fe r  o r  *inner-sphere* 
mechanism. The predominance o f one mechanism over the o th e r , fo r  a 
p a r t ic u la r  re a c tio n , i s  sa id  to  depend p rim arily  on the n atu re  of the 
lig an d s  o f the  p a r t ic ip a t in g  m etal s a l t s .
The t r a n s i t io n  m etal carboxy lates s re  g en era lly  u se fu l as e le c tro n -  
t r a n s f e r  o x id an ts , and th r  re a c tio n s  a re  sa id  to  proceed through c a tio n ic  
in te rm e d ia te s  o r  t r a n s i t io n  s ta t e s .
The r e s u l t s  o f the decom position o f benzoyl peroxide in  benzene, 
chlorobenzene and bromobenzene in  the presence o f f e r r i c  benzoate, 
cu p ric  benzoate o r cupric  X-benzoate (X* NO ,^ Cl o r Me) are shown in  
Tables ( 8 ) ,  ( 9 ) and ( 12) .  The y ie ld s  o f both  b ia iy l  and benzoic ac id
were in c reased  by the  presence o f m etal benzoates in  a l l  th re e  so lv en ts .
74The re a c tio n  scheme ( 70) suggested by D a illy  f o r  the  re ac tio n s  
in  benzene in  the  presence o f f e r r i c  benzoate would account fo r  the 




(o) Ph' + PhH
(d) [ Ph'PhH] + PhCO* 0 -
( • ) [Ph'PhH] + F e ^
( f ) PhCO'O* + Fe^^
(e) PhCO'O" + H^
(h) [Ph.PhH] ------------->
2 PhCO'O' 
Ph ' + CO,
4
Î Ph'PhH]
Ph-Ph + PhCOgH 




dim érisa tio n  and d isp ro p o rtio n a tio n  
products.
Reaction ( 70e) could be s p l i t  in to  two s tep s  ( i )  and ( j ) ,  which could 
w ell be a concerted  p rocess; an i n i t i a l  co -o rd in a tio n  o f the  (T-complex 
to  f e r r i c  io n  could be a  p re - re q u is i te  which i s  follow ed by the one- 
e le c tro n  t r a n s f e r  from the  (T-complez to  f e r r i c  ion in  t h i s  o x ida tion  
p ro cess .




The above scheme w ith s tep  (?0h) p lay in g  a  minor p a r t  could 
ex p la in  th e  observed form ation o f benzoic ac id  and biphenyl in  equal 
y ie ld s .
The k in e t io  s tu d ie s  c a r r ie d  out by Dailly*^^ gave the  follow ing 
equation  ( 71) f o r  the  decomposition of benzoyl peroxide in  benzene 
in  the presence o f f e r r i c  benzoate over the co n cen tra tion  range of
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d Ç p l  
d t K^LPj + K'Cp ]  (71)
0.165—0 . 04M, which a lso  happened to  be th e  same as a lready  e s ta b lish e d  
k in e t io  equation  fo r  the decom position of benzoyl peroxide in  bromobenzene 
by G ill  and W illiams^^ a t  a l l  co n cen tra tio n s , and in  benzene con ta in ing  
1^  n itrobenzene above an i n i t i a l  peroxide o f 0 . 06M ^^, suggests th a t  
th e  ro le  o f f e r r i c  benzoate p lay  in  th ese  re a c tio n s  could be by two 
se p a ra te  p a th s , which may re in fo rc e  each o th e r . .
F i r s t l y ,  the c a ta ly s t  does not i n i t i a t e  o r c a ta ly se  the peroxide 
d is s o c ia tio n  in to  r a d ic a ls ,  but i t  does remove peroxide from so lu tio n , 
th e  ex ten t to  which th i s  i s  done depending on i t s  co n cen tra tio n . This 
i t  can only do by co -o rd in a tin g  w ith an oxygen atom of a carbonyl group 
o f the  peroxide molecule to  form a  weakly bonded H-complex.
Since th e  m etal carboxy lates have in term ed ia te  a c t iv i ty  as lig a n d - 
o r  e le c t r o n - t r a n s f e r  oxidants^^^, and Taube^^^ s ta te s  th a t  a system in  
which the  in n e r  and o u te r  o r b i ta l  s ta te s  have n ea rly  the  same energy 
combines the  v ir tu e  th a t  an a ttach ed  group i s  s tro n g ly  p o la r ise d  from 
in te ra c t io n  w ith s ta b le  in n e r o r b i t a l s ,  and thereby  a c tiv a te d  fo r  
c e r ta in  r e a c tio n s , w ith the  high l a b i l i t y  w ith  re sp ec t to  s u b s ti tu tio n  
which i s  c h a r a c te r is t ic  o f many o u te r -o rb i ta l  complexes. Such s t a b i l i t y  
o f  benzoy loxy-rad ica ls  by a p o la r is a t io n  process w ith th e  form ation o f 
p ero x id e-d eriv ed  benzoate an ions, i s  no t unreasonable . There a re  few 
o th e r  examples o f analogous ti—complex form ation reeictions in  the 
l i te ra tu re ^ ^ ^ '^ ^ ^ * ^ ^ ^ . Hasegawa and N ishim ura^^ provided the  evidence 
f o r  fe rro u s—oxygen complex bond form ation between benzoyl peroxide 
m olecules w ith fe rro u s  io n s , and suggested the s tru c tu re  such as (XIV)
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fo r  the a c tiv a te d  complex which involved a co -o rd in a tio n  of p ero x id ic  
oxygen to  fe rro u s  io n s , probably accompanied by an e le c tro n  jump from 
the  io n , g iv in g  r i s e  to  the  observed a cc e le ra te d  r a te  o f decomposition 
o f benzoyl peroxide in  th i s  system.
Pe '^*’
(XIV)
The o th e r  ro le  o f f e r r i c  benzoate played in  these  reac tio n s  i s  
th e  o x id a tio n  o f j" - r a d ic a l  as in  equation  (70e) r e s u l t s  in  the form ation 
o f fe rro u s  io n s  in  so lu tio n  and i t  i s  e s s e n t ia l  th a t  th ese  fe rro u s  ions 
a re  o x id ised  to  f e r r i c  ions again  by some ro u te , in  o rd er to  avoid the 
accum ulation o f fe rro u s  ions in  so lu tio n  re s u l t in g  from a  s to ich io m etric  
amount o f f e r r i c  benzoate req u ired  fo r  c a ta ly sed  decom position o f benzoyl 
perox ide .
There a re  two p o ssib le  ways in  vdiich fe rro u s  io n s  can be converted 
to  f e r r i c  io n s  : -
(A) induced decom position o f benzoyl peroxide by fe rro u s  ions as in  
equation  ( 72) ,  o r
Fe^^ + (PhCO.0 ) 2 ------------^ F e ^  + PhCO-O" + PhCO-O- ( 72)
(B) d i r e c t  o x id a tio n  o f fe rro u s  io n  by benzoyl ra d ic a l  r e s u l t in g  in  
th e  form ation  o f a  benzoate anion vdiich u ltim a te ly  forms a  molecule 
o f benzoic ac id  as in  equation  ( 73)•
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(a ) PhCO'O' +-------------------- --------- ; Pe^+ + PhCO'O" (73)
(b) PhCO'O" + ^  PhCOgH
71Hey, Liang and Perkins (I967) from th e i r  in v e s tig a tio n  o f the 
e f fe c ts  o f copper benzoate (which has a s im ila r  s tru c tu re  to  th a t  of
f e r r i c  benzoate) on th e  decom position o f benzoyl peroxide in  benzene
and chlorobenzene, w ithout any supporting  k in e t ic  d a ta  suggested the 
fo llow ing  mechanism ( 74) ,  where fe rro u s  ion i s  ox id ised  v ia  rou te  ( a ) ,
(a )  (PhCO'O)^ + Cu  ^    ^ PhCO*OCu ‘^^  + PhCO'O'
(b) PhCO'O*----------------------- --------------  ^ Ph' + CO.
f 1 (74)(c )  Ph ' + PhH  > [Ph'PhHJ*
(d) [  Ph'PhH], + PhCO'OCu^"^ > Ph-Ph + PhCO'O' 4- Cu^
which i s  a lso  a w ell documented induced decomposition o f benzoyl peroxide
by fe rro u s  ions observed by Hasegawa and Nishimura^^^ re s u l t in g  in  
a c c e le la te d  r a te  o f decom position of benzoyl perox ide. However the fa c t 
th a t  the  d e ta i le d  k in e t ic  study o f the  decom position o f benzoyl peroxide 
in  benzene in  th e  presence o f f e r r i c  benzoate c a rr ie d  out by D ailly^^ 
in d ic a te d  th a t  no a u to c a ta ly s is  nor unim olecular decom position o f 
peroxide g re a t ly  in flu en ced  by th e  m etal s a l t  took p lace  and seemed 
to  argue a g a in s t th e  p o s s ib i l i ty  o f fe rro u s  ion  ox id ised  by f e r r i c  
sp ec ies  by mechanism ( a)
Mechanism ( b) invo lv ing  the  d ire c t  o x ida tion  of fe rro u s  ion by 
benzoyloxy r a d ic a l ,  which makes the  c a ta ly s t  reg en era tiv e  by the  form­
a tio n  o f f e r r i c  ions and benzoate anions would be c o n s is ten t w ith the 
r e s u l t s  on th e  k in e t ic s  and p roducts.
Prom the r e s u l ts  shown in  Table (29) on the e f fe c ts  o f f e r r i c  
benzoate in  the decom position of benzoyl peroxide in  chlorobenzene.
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Table (29 )
Products from the  décomposition o f benzoyl peroxide in  benzene, 
chlorobenzene and bromobenzene a t 80° in  the  presence o f metal 
benzoates.
so lv en ts
(50ml)
c a ta ly s t b ia ry l  benzoic ac id  isomer r a t io s  
(m/m) (m/m) o m %
benzene none 



















none 0.4024 0.3387 54.6 27.2 18.1
cuprio  benzoate 0.7135 0.8053 57.3 25.4 17.3
Cu(£-MeCgH^C02)2 0.7477 0.7579 58.3 24.2 17.5
Cu(2 -CXCgH^C02)2 0.8038 0.8722 58.3 24.2 17.5
Cu(e-N02CgH^ C02)2 0.8381 0.8035 58.3 24.4 17.3
f e r r i c  benzoate 0.8381 0.8035 58.0 23.9 18.1
none 0.7454 0.9536 54.2 30.4 15.4
cupric  benzoate 0.7481 0.9488 58.3 27.8 13.9
Cu(2;-MeC^a^CX]g)g 0.7617 0.8472 56.3 28.6 15.1
cu fsrc icg a^co g ): 0.8667 0.9039 56.1 28.4 15.5
Cu(2-N02C,H^C02)2 0.7838 0.3568 57.3 27.8 14.9
f a r r io  benzoate 0.9617 0.9834 54.3 29.4 16.3
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i t  i s  ev iden t th a t  the c a t a l i t i c  e f fe c t  o f f e r r i c  benzoate in  chloro­
benzene bears a s tro n g  s im ila r i ty  to  th a t  obtained  in  benzene, w ith 
high and equ ivalen t y ie ld s  of chlorobiphenyla and benzoic ac id . 
Consequently a s im ila r  mechanism to  th a t  proposed in  benzene can be 
assumed to  o p era te . The only s ig n if ic a n t  d iffe re n ce  between these  
re a c tio n s  i s  th a t  in  chlorobenzene the g re a te r  number of products a re  
ob ta ined  due to  the  lower symmetry o f the  c h lo ro -su b s titu te d  so lv en t.
E ffe c ts  o f f e r r i c  benzoate on th e  decom position o f benzoyl 
peroxide in  bromobenzene i s  le s s  sp e c ta cu la r  here because o f the  a lready  
r e la t iv e ly  h igh y ie ld s  o f uncata lysed  re a c tio n . However s l i ^ t l y  
in c reased  y ie ld s  o f bromobiphenyls and benzoic ac id  in  the presence 
o f f e r r i c  benzoate can be explained by the  fo llow ing re a c tio n  mechanism 






















+ H* + P9 '^^
PhCO 0 + Fe'
d im érisa tio n  and d isp ro p o rtio n a tio n  
p roducts.
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Réaction (e )  could be s p l i t  in to  two s tep s




(where X * Cl o r  Br)
The above d iscu ss io n  o f the  e f fe c t  o f f e r r i c  benzoate on the 
decom position o f benzoyl peroxide in  benzene, chlorobenzene and in  
bromobenzene i s  eq u ally  ap p licab le  to  re a c tio n s  ca ta ly sed  by cuprio  
benzoate and s u b s t i tu te d  cuprio  benzoate. Cupric benzoate, l ik e  f e r r i c  
benzoate i s  polym eric in  s tru c tu re .  Both s a l t s  are  expected to  give 
s im ila r  e f f e c ts  in  th ese  re a c tio n  because o f a  marked s im i la r i ty  in  
th e  product d is t r ib u t io n  i s  observed
The purpose o f having v arious s u b s titu e n t in  cu p ric  benzoate 
was to  f in d  o u t, i f  the  a c tiv a tio n  o f th e  s u b s titu e n t have any e f fe c t  
in  th e  in c re a se s  in  the y ie ld s  o f the  p ro d u c ts .
The a c t iv a t io n  o f the  s u b s titu e n t in c rease  in  th e  o rd er o f 
NOg) Cl) Me. While in  benzene th e  y ie ld  o f b iphenyl in c reased  in  the  
o rd e r  o f  C l) H } NO )^ Me, in  chlorobenzene th e  o rd er was NO )^ Cl) Me)
H, and in  bromobenzene C l) NO^ ) Me) H. Therefore th e  o rd e r made an 
ex p lan a tio n  o f  in c reased  y ie ld  in  term s o f p o la r  f a c to rs  u n lik e ly .
As in  th e  p rev ious experim ents w ith s u b s ti tu te d  benzene in  the 
presence o f quinones and n i t ro —compounds, i t  i s  here again  noted th a t  
th e  p ro p o rtio n  o f ^ b ie o y l  formed in  th e  presence o f both f e r r i c  and 
c u p ric  benzoates a re  h ig h er than  those o f uncata lysed  re a c tio n .
S im ila r  e f f e c ts  o f c a ta ly s ts  were observed by Hey, Liang and P erkins 71
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in  t h e i r  work on the  e f fe c t  of copper benzoate in  chlorobenzene, 
D ailly^^  on th e  e f fe c t  o f f e r r i c  benzoate in  fluorobenzene, to luene 
and in  chlorobenzene and very re c en tly  by Lee^^^. There are  two 
p o ss ib le  exp lanations fo r  the  increased  y ie ld s  o f o—isom er in  the 
m etal ca ta ly sed  re a c tio n . F i r s t ly  -
(a )  Reaction ( 75c) ; th a t  i s  the  form ation o f s u b s ti tu te d  <T-complex 
by th e  a d d itio n  of phenyl ra d ic a l to  so lv en t, i s  re v e rs ib le
Ph H Ph
Ph. K . H II 4  ( 76)
then  i t  i s  expected the  o^-substituted phenylcyclohexadienyl r a d ic a ls  
w ill  have a g re a te r  tendency to  d is so c ia te  owing to  the g re a te r  s t e r r i c  
e f fe c t  a sso c ia ted  with a su b s titu e n t in  o r th o -p o s itio n . Consequently 
th e  presence o f e f f ic ie n t  o x id is in g  agents fo r  (T-complexes which 
in h ib i t  the  occurrence o f the  reverse  re a c tio n , would r e s u l t  in  the 
in c reased  y ie ld s  o f o r th o -su b s ti tu te d  b ia iy ls .  However in  g en era l, 
th e  lack  o f k in e t ic  iso tope  e f fe c t  i s  used to  su b s ta n tia te  the  i r r e v e r ­
s i b i l i t y  o f  equation  ( 75c ) . An iso to p e  e f fe c t  w ill  be observed i f  
e i th e r  the  re v e rs a l o f th e  ad d itio n  s tep  o r th e  s tep  forming s id e -  
p roducts competes w ith hydrogen a b s tra c tio n  s te p . This t e s t  has been 
ap p lied  by many w o r k e r s , a n d  t h e i r  r e s u l ts  in d ic a ted  th a t  
th e re  was no iso to p e  e f fe c t  w ith in  experim ental e r ro r .  E l i e l ,  Meyerson 
and Wilen , who decomposed a v a r ie ty  o f peroxides in  benzene-d, and 
benzene-benzene-d^ m ixture found th a t ,  in  some peroxides the  iso tope  
e f f e c ts  c a lc u la te d  from product deuterium  conten t a re  in  excess of 
u n ity . However the  benzene-benzene—d^ m ixture recovered from a chloro­
phény la tion  remained unchanged in  iso to p ic  com position, in d ic a tin g
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th a t  the ad d itio n  of ohlorophenyl ra d ic a l i s  not f u l ly  re v e rs ib le  
under the  co n d itio n s o f a iy la t io n . Furthermore E l ie l ,  E berhard t,
Simaraura and M ey erso n ^co m p ared  the a ry la tio n  o f d ia ro y l peroxide 
w ith a iy la t io n  o f n itro s o a c e ta n il id e s  and a iy lazo triphenylm etanes 
which does not involve d ihydrob ia iy  1 as in te rm ed ia tes  and found 
whereas the  decom position o f d ia ro y l peroxides in  benzene-d involves 
ap p rec iab le  apparent iso tope  e f f e c ts ,  th ese  e f fe c ts  in  the  decomposi­
t io n  o f n itro s o a c e ta n il id e s  and aiy lazo triphenylm ethanes in  benzene-d 
a re  veiy  sm all, w ell w ith in  the range o f secondary iso to p e  e f f e c ts ,  
and th e re fo re  f u r th e r  s tren g th en  the  above conclusions. Also S a l t i e l  
and C urtis^  ^  ^ who i r r a d ia te d  benzoyl peroxide o r b en z il in  benzene 
in  the  presence o f oxygen concluded although the  suidition o f benzoyloxy
ra d ic a ls  to  benzene may be r e v e rs ib le , the  ad d itio n  o f phenyl ra d ic a l
112to  benzene i s  i r r e v e r s ib le ,  and a lso  Jackson , produced thermodynamical 
d a ta  ap p e rta in in g  to  re a c tio n s  o f ra d ic a ls  w ith o le f in ic  eind arom atic 
compounds, and likew ise  in d ic a te d  th a t  phénylation  i s  i r r e v e r s ib le  
below 200° .
However Kobayashi and co-w orkers^^^’^ rec e n tly  has rep o rted  
th a t  arom atic phény la tion  in  dim ethyl sulphoxide a t  room tem perature 
does e x ib i t  a  s ig n if ic a n t  iso to p e  e f fe c t  which may r e f le c t  some unsuspected 
e f fe c t  o f dim ethyl sulphoxide on fre e —ra d ic a l  behaviour. Also Honhebel
11 ■j
and co-workers re c e n tly  argued the r e v e r s ib i l i ty  o f (T-formation.
They c a r r ie d  out, the  decom position o f benzoyl peroxide in  ^ d ic h lo r o ­
benzene a t  d i f f e r e n t  tem peratures 80° and 100° .  The products from the 
above re a c tio n  are  2, 3-  and 3 , 4-d ich lo ro b ip h en y ls . They argued, on 
s t e r i c  ground, th a t  2 , 3-d ich lo ro b ip h en y l i s  thermodynamically le s s  
s ta b le  than  3 , 4-isom er and th e re fo re  th e  r a t io  o f 2, 3/ 3,4  isom er i s
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expected to  decrease in  in c reasin g  tem perature* 
Cl
Cl




A lsoy i f  the  ra d ic a l ( la )  i s  more prone to  d is s o c ia te  than  ra d ic a l  
( 2a) then  the  ad d itio n  o f cuprio  benzoate, which e f fe c ts  the  rap id  
o x id a tio n  o f cT-complex to  d ia iy l  a t  the expence of(r-com plex dim eri­
s in g  should incease  the  r a t io  o f ( l b ) / ( 2b ) , and th i s  was p re c ise ly  what 
they  observed. And since  the o x id a tio n  p o te n t ia ls  o f the  ra d ic a ls  ( la )  
and ( 2a) would be expected to  be s im ila r  th e re fo re  one cannot exp la in  
th e  in flu en ce  o f copper s a l t s  on th e  b a s is  th a t  ( la )  would be more 
re a d ily  o x id ised , and concluded th a t  the  form ation o f (T-complex may 
be re v e rs ib le  p a r t ic u la r ly  when the  incoming ra d ic a l  e n te rs  o r th o -  
to  a  su b s titu en t*  However the same observ a tio n  could be accounted fo r  
i f  one assumes th a t  2, 3-d ich lo ro b ip h en y l has a  g re a te r  tendency to  
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They a lso  decomposed benzoyl peroxide in  ^ x y le n e  which gave 
two products 2 , 5-<üm rthylbiphenyl and 4 *4 ' —dim ethyIbibenzy 1 and proposed 
the  above mechanism (?8) to  exp la in  the  in creased  r a t io  o f (b 2) / ( a 2) 
w ith  in c rease  in  tem perature# However, th i s  observation  could a lso  be 
accounted fo r  i f  the  processes (a 2) and (b2) have d i f f e r e n t  a c t iv a tio n  
e n e rg ie s . The in c rease  in  r a te  o f th e  two re a c tio n s  w ith  in c rease  in  
tem perature would then not be th e  same#
The above d iscu ssio n  provided no c le a r  evidence fo r  in te rp re t in g  
th e  r e s u l t s  ob tained  in  p resen t experim ents, i . e  increeised y ie ld s  o f 
c - b ia iy ls  in  th e  presence of c a ta ly s t  in  term s o f r e v e r s ib i l i ty  of 
a d d itio n  o f phenyl ra d ic a ls  to  so lven t molecules#
Another and more l ik e ly  p o ss ib le  exp lanation  o f th ese  e f fe c ts  
which has €dso been suggested by D ailly^^ i s  by suggesting  th a t  -
( b) The r a te  o f o r th o -s u b s ti tu te d  (T-complex i s  very  much f a s t e r  than  
th a t  o f  m eta- o r  p a ra -isom ers. so th a t  when d im érisa tio n  i s  a  major 
r e a c tio n , as in  uncata lysed  experim ents, then  a  d isp ro p o tio n a te  number 
o f ortho—s u b s ti tu te d  (T-complexes are  lo s t  as re s id u e , and c -b ieu y l y ie ld  
w il l  be decreased by a sm all, though p o ss ib ly  s ig n if ic a n t  amount# When 
th e  resid u e  form ation i s  g re a tly  suppressed, as in  m etal benzoate ca ta ly sed  
re a c tio n , c - s u b s t itu te d  y-complex w il l  not be lo s t  in  t h i s  way, and a 
h ig h e r  percen tage o f o -b ia iy ls  w il l  be ob ta ined  and th a t  th e  ca ta ly sed  
r e s u l t s  should th e re fo re  provide a  f a i r e r  re p re se n ta tio n  o f th e  hom olytic 
s u b s t i tu t io n  p rocess and lead  to  more accu ra te  values f o r  the  p a r t i a l  
r a te  fac to rs#
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D.2 The Competitive Reaction o f Benzoyl Peroxide in  Ecpiimolar M ixtures
o f Chlorobenzene and Benzene# and o f Bromobenzene and Benzene in
th e  Presence and Absence o f A dditives.
( a) The decom position o f benzoyl peroxide in  ecpiimolar m ixture of
benzene and chlorobenze o r  bromobenzene.
Much o f the  work on the  com petitive re ac tio n s  has been concerned 
w ith  th e  measurement o f " p a r t ia l  r a te  fa c to rs "  f o r  th e  a ry la tio n  of 
benzene d e r iv a tiv e s . The p a r t ia l  r a te  feictors F r fo r  s u b s t i tu t io n  a t  
a  p o s it io n  r -  in  a  benzene d e r iv a tiv e  expresses the  charge in
th e  s p e c if ic  r a te  o f s u b s t i tu t io n  a t  p o s itio n  r  in  the  nucleus which 
a r i s e s  from the  presence o f d ire c t in g  group X, th a t  i s ,  i t  i s  th e  r a t io  
o f r a te  o f re a c tio n  a t  p o s itio n  r  in  C^H^X to  th a t  a t  any one p o s itio n  
in  benzene, thus fo r  a  m onosubstituted benzene :
6 p ^ K  .  2 F o  + 2 %  + %  (79)
where Po -  i  x 6 x K x ^  ^ rth e -p ro d u o t
™  100
^  4 ,  PhX „ io  metar-produot
100
,  PhX y io parap-product
 ÎÔO---------
In  o rd er to  o b ta in  p re c ise  values o f p a r t i a l  r a te  f a c to r s ,  i t  i s  
necessary  to  be ab le  to  measure a c c u ra te ly  th e  isom er d is t r ib u t io n  of
phenylated  compound.
The r e la t iv e  r a te  and p a r t i a l  r a te  f a c to r  measurements of mono­
s u b s t i tu te d  halogenobenzene of p rev ious and p resen t works are  summarised 
on Table ( 30) .
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Table (30)
T o ta l and p a r t i a l  r a te  fa c to rs  f o r  phénylation  o f chlorobenzene and 
bromobenzene in  th e  absence o f a d d itiv e s .
s u b s tra te standard
so lven t
ra d ic a l
sources




p . r . f
Po
re fe ren ce
numbers
PhCl PhNOg BZgOg t i t r a t i o n 1.41 7
PhHOg t i t r a t i o n 1.06 1.6 1.0  1.2 114
PhH g . l . c . 1.13 1.8 0.87 0 .7 71
PhH ®"2°2 g. 1. c . 1.32 2.17 1.05 1.48 ' 74
PhNOg ®=2°2 g . l . c . 2.06 3.65 1.55 1.98 115
S :2°2 g . l . c . 2.20 3 .9  1.65 2.12 115
PhH BZ2O2 g . l . c 1.14 1.87 0.93 1.24 J .av e rag e
PhBr PhNOg »*2°2 t i t r a t i o n 1.29 1.9 1.3 1.3 114
PhHOg BZ2O2 g . l . c . 1.82 2.95 1.64 1.78 115
BZ2O2 g . l . c . 1.90 3.05 1.7 1.92 115
PhH g . l . c . 1.75 2.94 1.42 1.85 116
PhH BZ2O2 g . l . c . 1.47 2.39 1.35 1.35 K. average
Table ( 30) rev ea ls  some d iffe re n c e s  in  th e  values ob tained  by 
each group; some o f th ese  d iffe re n c e s  can be accounted f o r  by the  use 
o f  d i f f e r e n t  methods of a n a ly s is  of th e  p roducts in  com petitive re a c tio n . 
The use o f g . l . c .  f o r  the  a n a ly s is  in  p re se n t work i s  probably more 
accu ra te  than  those  values obtained  by in f r a —red  methods. O ther sources
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o f  d if f e r e n c e  would a r is e  from th e  c h o ic e s  o f  standard s o lv e n t .  The 
ch o ic e  o f  n itrob en zen e as a  re fe ren ce  so lv e n t  was made b efo re  th e  
modem chrom atographic te c n iq u e s , s in c e  th e  n itr o b ip h e n y ls  p resen t  
in  th e  t o t a l  phenylated  product lend  th em selves to  ready q u a n t ita t iv e  
d eterm in ation  by t i t r a t i o n  w ith  titem ium  ( i l l )  c h lo r id e  o r  sulphate^  
Thus, th e  v a lu e  o f  K cou ld  be o b ta in ed , and knowing th e  v a lu e  o f  
K, K cou ld  be c a lc u la te d  : -
-  P M O / -  ( 80)
With th e  a v a i l a b i l i t y  o f  modern chrom atographic m ethods, D a v ies , Hey,
and Summers^ ^^(1971) used £ -d ich lo icbenzene a s a  re fe ren ce  compound
r a th e r  than  n itro b en zen e . T his had th e  adveuitage o f  g iv in g  o n ly  one
m onophenylation p rod u ct, and the r e a c t io n s  should  be f r e e  from th e
known c a t a ly t i c  in f lu e n c e  o f  n i tro-compounds on a iy la t io n .  The u se
o f  r e d u c tiv e  t i t r a t i o n  i s  e lim in a ted  and th e  form ation  o f  a  s in g le
p rod u ct, namely 2 ,5-<üch lo ro b ip h en y l, g r e a t ly  s im p lif ie d  th e  atnalysis
o f  th e  g . l . c .  chromatogram.
The u se  o f  benzene i t s e l f  was con sid ered  not s u ita b le  as a
standard  s o lv e n t  f o r  such co m p etitiv e  experim ents because o f  th e
ready l o s s  o f  th e  r e la t iv e l y  v o l a t i l e  b ip h en y l in  th e  work up.
However, th e  g . l . c .  a n a ly s is  on th e  e x c e ss  s o lv e n ts  removed
a f t e r  th e  co m p etit iv e  r e a c t io n  by th e  u se  o f  r o ta iy -e v a p o r a to r  rev ea led
no tr a c e s  o f  b ip h e n y l, and th e  r e s u l t s  o b ta in ed  by u s in g  benzene
i t s e l f  a s  a  standard so lv e n t  fo llo w e d  by g . l . c .  a n a ls is  should  be
115r e l i a b l e .  Moreover th e  v a lu e s  o b ta in ed  ^ by th e  u se  o f  g -d ic h lo r o ­
benzene a s  a  standard so lv e n t  are much h ig h e r  than th o se  r e s u l t s  
o b ta in ed  in  th e  p resen t woric; t h i s  i s  probably b ecause th e  e a r l i e r  
v a lu e s  were not determ ined d ir e c t ly  from co m p e tit iv e  r e a c t io n s  w ith
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benzene but made u se  o f  con version  eq u ation s such as ( 8 0 ) ,  th e  r e l i a b i l i t y
o f  which has been proved d o u b t f u l i n  th e  absence o f  a d d itiv e s*
The ra te  fa c to r s  o f  p h én y la tion  o f  ch lorobenzene ob ta in ed  in  the
p resen t work agrees very  w e ll w ith  the v a lu es  fo r  th e  u n ca ta ly sed
r e a c t io n  o f  Hey, Liang and Perkins^^. The v a lu e  fo r  th e  p h én y la tio n
o f  bromobenzene l i e s  in term ed ia te  between th o se  ob ta in ed  by Hey, Orman
and W i l l i a m s ^ a n d  G aldallah  and Elofson^^^ who used  th e  e l e c t r o ly s i s
o f  benzenediazoniura te tr a f lu o r o b o r a te  as a source o f  phenyl ra d ic a ls*
The same mechanism su ggested  fo r  th e  p h én y la tio n  o f  benzene and
chlorobenzene o r  bromobenzene on i t s  own would probably apply to  the
form ation  o f  th e  major products (nam ely b ip h en y l, c h lo r o -  or  bromo—
bip h en yl and b en zo ic  a c id ) from th e se  co m p etitiv e  r e a c t io n s , w ith  th e
a d d it io n a l p o s s i b i l i t y  o f  d im ér isa tio n  and d isp r o p o r tio n a tio n  r e a c tio n s
betw een p h en y lcycloh exad ien y l r a d ic a l and c h lo r o -  or b rom o-su b stitu ted
p h en y lcy lo h ex a d ien y l ra d ica ls*
The in tr o d u c tio n  o f  ch loro— or bromo-group has a c t iv a te d  the
n u cleu s fo r  h om olytic  s u b s t itu t io n  o f  n ea r ly  n eu tra l phenyl r a d ic a l ,
and ortho— and p ara -p o s it io n s  d is p la y  th e  e f f e c t  b e t t e r  than th e  m eta-
p o s i t io n .  The reason  fo r  t h is  behaviour i s  th a t  e le c t r o n -a t t r a c t in g
groups caul d é lo c a l i s é  th e  unpaired e le c tr o n  onto th e  group when a tta ck
occu rs o r th o -  or  para to  th a t group.
No com p lete ly  s a t is f a c t o r y  explauiation  has been proposed fo r  th e
dominance o f  a tta c k  a t th e  o r th o -p o s it io n .  However, R ondestvedt auid
117Blanchaird su g g ested  an ex p la n a tio n  based on th e in d u c tiv e  e f f e c t s  
o f  th e group X. These workers p o s tu la te d  th a t in  th e form ation  o f  the  
p re lim in a ry  fT-coraplex which th ey  envi gas e as th e  p recu rsor  o f  th e  (T— 
com plex, th e  phenyl raidicad ten d s to  become a s s o c ia te d  w ith  s i t e s  o f  
h igh  e le c tr o n  d e n s ity , i . e  th a t th e  phenyl r a d ic a l i s  somewhat e l e c t r o -  
p h i l i c .  Compounds such as c h lo r o -  or bromobenzene show th e g r e a te s t
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e le c tr o n  d e n s ity  a t th e su b s titu e n t  i t s e l f ,  and. i f  —I e f f e c t s  o f  th e  
d ir e o t in g  groups are la r g e ly  in d u ctom eric, then  the incom ing r a d ic a l  
becomes a s so c ia te d  in  the f-com p lez la r g e ly  w ith  the s u b s t itu e n t  (C l 
or B r ), g iv in g  a complex which can most r e a d ily  rearrange to  th e o r th o -  
s u b s t itu te d  (T-complex*
A lso , th e r e  i s  no s a t is f a c t o r y  ex p la n a tio n  to  account f o r  unrea­
son ab ly  h igh  p a r t ia l  ra te  fa c to r  (1*35) fo r  th e  r e la t iv e  a tta c k  on op­
p o s it io n  o f  bromobenzene, i f  th e  phenyl r a d ic a l i s  th e  o n ly  s p e c ie s  
in v o lv e d  in  s e le c t in g  between th e  com peting so lv e n t  m olecu le then  
p a r t ia l  r a te  fa c to r  fo r  th e o p p o s it io n  i s  exp ected  to  be as r e a c t iv e  
a s one o f  th e s i x  p o s it io n s  o f  benzene* T herefore i t  su g g e sts  s p e c ie s  
o th e r  than phenyl (b en zoy l p erox ide or  benzoyloxy) r a d ic a l are in v o lv ed  
in  th e  s e le c t io n  process*  I f  th e  complex i s  formed between bromobenzene 
and b en zo y lo x y -ra d ica l or  benzoyl p erox ide w ith  a weak in term o lecu la r  
a t t r a c t iv e  fo r c e  p r io r  to  d eca rb o x y la tio n , then  th e  phenyl r a d ic a l gen erated  
in  such c o n d it io n s  would be in  c lo s e r  p rox im ity  to  bromobenzene m olecu les  
than to  benzene and hence the p r o b a b ili ty  o f  them a tta c k in g  th e  bromo­
benzene i s  h ig h e r , th e r e fo r e  le a d in g  to  a  h ig h er  r e a c t iv ity *
The complex form ation  owing to  th e  g r e a te r  p o la r i s a b i l i t y  and 
e l e c t r o p o s i t i v i t y  o f  bromine atom on bromobenzene and b enzoyloxy r a d ic a l  
which r e s u l t  in  th e  form ation o f  th e  benzoate an ion  i s  su ggested  by 
G i l l  and W illiams^^* However so formed benzoate an ion  i s  l e s s  l i k e l y  
to  d eca rb o x y la te  under experim ental c o n d it io n  owing to  th e  g r e a te r  
s tr e n g th  o f  C( l )  -  (X) bond, so  i t  i s  more l i k e l y  th e  complex formed 
betw een bromobenzene and benzoyl p erox ide by c o -o r d in a tin g  w ith  oxygen  
atom o f  carbonyl group o f  p eroxide m o lecu le , when d ecarb oxy la te  g iv e  
th e  observed  h i ^  r e a c t iv ity *  In  ch lorobenzene th e  p o la r i s a b i l i t y  and
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e le c t r o p o s i t iv i ty  o f  ch lo rin e  atom i s  le s s  than  bromine atom, hence 
th e  r e a c t iv i ty  a t  o p p o sitio n  showed n ear to  unity*
I f  th e  h i ^ e r  r e a c t iv i ty  in  bromobenzene a r is e s  by the  above 
suggestion  th en , th i s  makes th e  r e la t iv e  r a te  and p a r t i a l  r a te  f a c to rs  
in  t h i s  re a c tio n  in v a lid  as r e a c t iv i ty  in d ic e s  o f bromobenzene m olecules 
i n  th e  phény lation  re a c tio n .
(B) The decom position o f benzoyl peroxide in  a system co n ta in in g  
v ario u s  m olar p ro p o rtio n s  o f benzene and bromobenzene in  the  
absence o f a d d it iv e *
The r e la t iv e  r a te  f a c to rs  fo r  th e  com petitive phény la tion  re a c tio n  
co n ta in in g  v a iy in g  m olar r a t io s  o f benzene and bromobenzene in  th e  absence 
o f a d d itiv e  a re  summarised in  Table (31 ) .
Table ( 31)
bromobenzene in  the absence o f additive*
mole r a t io  PhC^H^Br 
PhBr 1 PhH (nv^ m)
Ph-Ph
(m/n)
isom er r a t io s  
0 m £
p . r . f
Fo ïta
2 : 1  0.6772 0.2233 54.8  29.5 15.7 1.52 2.49 1.35 1.43
1.5  : 1 0.6155 0.2760 54.5 30.3  15.2 1.49 2.44 1.35 1.36
1 : 1  0.4412 0.3001 54.2  30 .5  15.3 1.47 2.49 1.35 1.35
1 : 1.5 0.3722 0.4652 55.2  28.9 15.9 1.20 1.99 1.04 1.14
1 : 2 0.3062 0.6183 54.1 30.6  15.3 0.99 1.60 0.91 0.91
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R ela tiv e  r a te  fa c to rs  o f 1.52 and 1.49 fo r  the  re ac tio n s  con ta in ­
in g  bromobenzene and benzene in  the  molar r a t io s  o f 2:1 and 1. 5:1 agree 
q u ite  w ell w ith th e  value ( 1. 47) from the  com petitive re a c tio n  con tain ­
in g  equim olar m ixture o f bromobenzene and benzene in  th e  absence of 
a d d itiv e . However, s l ig h t ly  lower values o f 1.2 and 0.99 are  obtained  
fo r  th e  re a c tio n s  con ta in ing  the  m olar r a t io s  o f 1: 1.5 and 1:2 o f bromo­
benzene and benzene.
The y ie ld  o f biphenyl when benzoyl peroxide was decomposed in  
benzene alone w ithout any ad d itiv e  was 0.3882 m/m perox ide. However, 
in  th e  com petitive reac tio n s  w ith bromobenzene when the  molar r a t io s  
o f bromobenzene and benzene a re  1: 1.5 o r  1: 2, the y ie ld s  o f biphenyl 
in c reased  to  O.4652 and O.6I83 m/m peroxide re sp e c tiv e ly , which might 
suggest th a t  a t  th ese  molar r a t io s  the  te rm in a tio n  by d im érisa tio n  o f 
phenylcyclohexadienyl ra d ic a ls  r e s u l t in g  in  the  form ation o f s ide  
p roducts a re  reduced, and more biphenyls are  formed by the  ox ida tion  
o f more p le n t i f u l  phenylcyclohexadi enyl ra d ic a ls  in  so lu tio n  by benzoyloxy- 
ra d ic a ls  s ta b l is e d  by complex-formation w ith bromobenzene.
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( c) The e f fe c ts  o f f e r r i c  benzoate and Cupric benzoate on the
decom position of benzoyl peroxide in  an equimolar m ixture of 
benzene and chlorobenzene, and o f benzene and bromobenzene.
The sumaaiy o f the  e f fe c ts  o f the presence o f f e r r i c  benzoate 
and cuprio  benzoate in  the  com petitive re a c tio n s  con ta in ing  equimolar 
m ixture o f chlorobenzene and benzene a re  i l l u s t r a t e d  on Table ( 32) .
Table ( 32)
The e f fe c ts  o f f e r r i c  benzoate and cup ric  benzoate on th e  decomposition 
o f benzoyl peroxide in  an equimolar m ixture of benzene and chlorobenzene,




p . r . f
P£
re fe ren ces
none 0.384 0.241 1.32 2.15 1.05 1.48 D ailly
f e r r i c  benzoate 0.525 0.313 1.64 2.80 1.25 1.72 (74)
none 0.45 1.13 1.81 0.87 1.40 Hey, Liang &
c u p ric  benzoate 0.74 1.47 2.56 1.06 1.58 P erk ins (7 I)
none 0.3052 0.2677 1.14 1.87 0.93 1.24 P resen t
f e r r i c  benzoate 0.5101 0.3562 1.43 2.47 1.08 1.48 work
cuprio  benzoate 0.5244 0.3479 1.52 2.60 1.16 1.57
Cu(2 -ClC^H^C0g)2 0.4718 0.3413 1.38 2.42 1.02 1.43
The p re sen t r e s u l t s ,  u sing  cup ric  benzoate in  com petitive re ac tio n s  
in  an equim olar so lu tio n  o f benzene and chlorobenzene, agree very w ell
71w ith  the  r e s u l t s  obtained  on s im ila r  experim ents by Hey, Liang and P erk ins,
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and th e  r e s u l t s  o f f e r r i c  benzoate ca ta ly sed  re a c tio n s , a lso  agree 
m oderately w ell w ith the  values rep o rted  by D ailly^^ .
The presence of f e r r i c  benzoate o r  cup ric  benzoate in  a com petitive 
re a c tio n  in c re a se s  both the  y ie ld s  o f ch lorobiphenyls and b iphenyl.
However th e  e f f e c ts  seem to  be g re a te r  on chlorobenzene than on benzene, 
consequently  h ig h er values o f r e la t iv e  r a te s  a re  obtained  when the 
a d d itiv e s  a re  p resen t during the  re a c tio n .
The isom er r a t io s  o f ch lorobiphenyls in  m etal benzoate ca ta ly sed  
re a c tio n s  a re  alm ost id e n tic a l  to  those values obtained  in  m etal ca ta ly sed  
phény la tion  re a c tio n s  o f chlorobenzene a lone. Therefore i t  i s  unreasonable 
to  assume th a t  the  e f fe c ts  o f m etal benzoates in  an equim olar so lu tio n  
o f benzene and chlorobenzene would be d if f e r e n t  from th e  e f f e c ts  they 
have in  re a c tio n s  in  benzene o r  chlorobenzene a lone, u n le ss  so lven t 
com plexation i s  im portan t.
Consequently, a  s im ila r  mechanism suggested to  th e  metsd benzoates 
c a ta ly sed  re a c tio n s  in  chlorobenzene (75) and benzene (70) alone 
can account f o r  th e  form ation of b ia iy ls  and benzoic ac id  in  the  
com petitive  re a c tio n s .
(a )  (PhCO*0)2































d im érisa tio n  and d isp ro p o rtio n a tio n  p roducts
(where X * H o r  Cl)
The im portance o f re a c tio n  8 l ( i )  i s  g re a tly  reduced in  th ese  
system , and consequently the r a te  fa c to rs  ob tained  in  the  presence 
o f m etal benzoates a re  more r e l ia b le  in d ic e s  o f the r e a c t iv i ty  of 
chlorobenzene towards phény lation  re a c tio n s  than  those veilues obtained  
from uncata lysed  re a c tio n s .
The summary o f the  e f fe c ts  o f th e  presence o f m etal benzoates 
in  th e  com petitive re a c tio n s  co n ta in in g  equim olar m ixture o f benzene 
and bromobenzene a re  i l l u s t r a t e d  on Table ( 33) .
Table ( 33)
The e f fe c ts  o f m etal benzoate on the  decom position o f benzoyl peroxide 
in  an equim olar m ixture o f benzene and bromobenzene.
a d d itiv e s r e la t iv e  r a te Fo 5^
cu p ric  benzoate 1.46 2.51 1.24 1.28
Cu(£-ClCgH^C02)2 1.40 2.35 1.19 1.31
f e r r i c  benzoate 1.53 2.50 1.35 1.47
none 1.47 2.39 1.35 1.35
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The above Table (33) shows, th a t  the  presence o f m etal benzoates 
du ring  th e  com petitive re a c tio n s  o f  benzene and bromobenzene has 
l i t t l e  o r  no e f f e c ts  on th e  values o f r e la t iv e  r a te s  and p a r t ia l  
r a te  f a c to rs  ob ta ined  in  uncata ly sed  re a c tio n .
The mechanism su ggested  fo r  th e c o m p etitiv e  r e a c t io n s  o f  benzene 
and ch lorobenzene in  th e p resen ce o f  m etal b en zoates (eq u a tio n  81) 
would account f o r  th e  form ation  o f  brom obiphenyls, b ip h en y l and b en zo ic  
a c id  in  t h i s  r e a c t io n .
( d) The d ecom p osition  o f  ben zoy l p erox ide in  a system  c o n ta in in g  
v a r io u s  m olar p rop o rtio n s o f  benzene and ch lorobenzene in  th e 
p resen ce  o f  f e r r ic  b en zo a te .
Table ( 34)
The e f f e c t s  o f  v a ry in g  s u b s tr a te  co n cen tra tio n  on th e  r e la t iv e  ra te  of  
ch lorobenzene in  th e  p resen ce o f  f e r r ic  b en zo a te .
m ole
PhCl






isom er r a t io s  
0 m £
p . r . f .
P£ Fm
2 : 1 0.6113 0.2199 57.3  24.3 17.9 1.39 2.39 1.03 1.49
1.5 2 1 0.5485 0.2563 57.7  24.2 18.0 1.43 2.48 1.04 1.54
1 ; 1 0.5101 0.3562 57.6  25.1 17.3 1.43 2.47 1.08 1.48
1 : 1.5 0.3727 0.4216 57.8 24.5 17.7 1.32 2.29 0.97 1.40
1 : 2 0.3310 0.5052 57.8  24.3 17.9 1.31 2.27 0.95 1.41
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Table ( 34) shows the r e la t iv e  r a te s  and p a r t ia l  r a te  fa c to rs  
f o r  th e  com petitive phény la tion  re ac tio n s  o f varying molar r a t io s  
o f  benzene and chlorobenzene in  the  presence o f f e r r i c  benzoate.
The c o n s is te n t values o f 1. 39, 1. 43, 1.32 and 1.31 a re  observed 
fo r  the  re a c tio n s  con ta in ing  chlorobenzene and benzene in  th e  molar 
r a t io s  o f 2: 1, 1. 5 : 1, 1x1.5 and 1:2 in  the presence o f f e r r i c  benzoate. 
These values are  h ig h er than those values ( I . I 4 )  ob tained  from the  
corresponding re a c tio n s  con ta in ing  an equim olar m ixture o f the  two 
competing so lv en t in  th e  absence of a d d it iv e s . On the  o th e r  hand 
th ese  values a re  compaurable to  th a t  obtained  from th e  re a c tio n  
co n ta in in g  an equim olar m ixture o f chlorobenzene and bromobenzene 
(1 .4 3 ) in  the  presence o f f e r r i c  benzoate. This c lo se  s im i la r i ty  o f 
r e s u l t s  in  c a ta ly sed  re a c tio n s  provide a  fu r th e r  check f o r  the 
r e l i a b i l i t y  o f the  r a te  values ob tained  in  re a c tio n s  co n ta in in g  an 
equim olar m ixture o f chlorobenzene and benzene in  the  presence o f 
f e r r i c  benzoate .
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D.3 The Decomposition o f Benzoyl Peroxide in  Fluorobenzene in  the
Presence and Absence o f Metal Benzoates.
Table ( 35) g ives the  summary o f th e  r e s u l t s  o f th e  decom position 
o f benzoyl peroxide in  fluorobenzene in  the presence and absence of 
m etal (cu p rio  o r  f e r r i c )  benzoates.
Table ( 35)
The decom position o f benzoyl peroxide in fluorobenzene in  th e presence
and absence o f m etal benzoates a t  80° .





isom er r a t io s  
0 m + £
none 0.6233 0.2524 0.091 48.2 51.8
cu p ric  benzoate 0.8922 0.8640 0.033 52.9 47.2
f e r r i c  benzoate 0.8291 0.8433 0.034 54.4 45.6
The low y ie ld  o f benzoic ac id  compere to  th e  r e la t iv e ly  high 
y ie ld s  o f  flu o ro b ip h en y ls  in  the  absence o f a d d itiv e s  su g g ests , th a t  
th e se  p roducts are  formed by a  s im ila r  mechanisn to  th a t  proposed 
in  th e  u n cata lysed  re a c tio n  in  benzene. The only s ig n ificeu it d iffe re n c e  
between th e  re a c tio n s  in  benzene and fluorobenzene i s  in  benzene 
th e  te rm in a tio n  p rocess by re a c tio n  ( 82) occurs to  some e x te n t, the
cn + PhCO'O' -------> Ph-Ph + PhCO^H ( 82)
»
d e ta i le d  k in e t ic  study of the  decom position o f  benzoyl peroxide in  
fluorobenzene by Lewis and W illiams^^ rev ea led  th a t  k^^ i s  not lower
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than  , in d ic a tin g  th a t  none o f peroxide decomposes in  a  f i r s t - o r d e r  
a t  induced re a c tio n  showing th a t  re a c tio n  ( 82) does not take  p lace  
in  t h i s  so lv en t.
The fo llow ing  re a c tio n  scheme i s  proposed, th e re fo re , f o r  the  













+ PhCO *0 * + PhCO'OH
(e)
Ph .H
2 d im é risa tio n  and d isp ro p o rtio n a tio n  
p ro d u c ts .
The c a ta ly t ic  e f f e c ts  o f  f e r r i c  benzoate and cu p ric  benzoate in  
t h i s  so lv en t b ea rs  a  s tro n g  s im i la r i ty  to  th a t  obtedned in  benzene, 
chlorobenzene and bromobenzene, w ith  h i ^  and equ iv a len t flu o ro b ip h en y ls  
and benzoic ac id  y ie ld s .  Consequently a  s im ila r  mechanism to  th a t  
proposed in  benzene and two halogenated  so lv e n ts  i s  thought to  o p e ra te , 
euid many o f th e  arguments d iscussed  p rev io u sly  ^S ec tio n  D.1 ( 3^  , 
w i l l  be re le v a n t to  th e  co n s id e ra tio n  o f th e  mechanism h e re .
Biphenyl was d e tec ted  by g . l . c .  in  small q u a n t i t ie s  in  the  
re a c tio n s  w ith  chlorobenzene, bo th  in  th e  presence and in  th e  absence
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of m etal benzoates, but no comment was made in  the  p rev ious S ection . 
However more d e f in i te  y ie ld  o f biphenyl was ob tained  in  fluorobenzene, 
although th e  e f f e c t  o f  the  c a ta ly s t  was to  cause a maiked decrease in  
th e  form ation o f t h i s  p roduct.
The form ation o f  b iphenyl in  chlorobenzene and fluorobenzene in  
th e  absence o f c a ta ly s t  i s  thought^^ to  a r is e  by th e  a tta c k  o f a  phenyl 
r a d ic a l  on th e  1-p o s i t io n  o f nucleus o f th e  arom atic so lv e n t, follow ed 
by re a c tio n  w ith  norm ally s u b s ti tu te d  y -complexes and subsequent 
dehydrohalogenation o f the  prim ary p roducts o f  th i s  p ro cess .
Ph









(where X = Cl o r  P)
( 84)
The r e la t iv e ly  h i ^  y ie ld  o f b iphenyl which i s  formed in  fluorobenzene
can be understood w ith th e  observ a tio n  th a t  heiafluorobenzene i s  only
122a  l i t t l e  le s s  a c tiv e  than  benzene towards phény la tion  • Consequently 
th e  le s s  s u c e p t ib i l i t i e s  o f  hydrogen- and f lu o r in e -b e a rin g  p o s itio n s  
to  a t ta c k  by phenyl ra d ic a ls  a re  of a  s im ila r  o rd e r auid b iphenyl y ie ld  
o f  16^  might be expected in  fluorobenzene. The observed y ie ld  o f 11^  in  
u n ca ta ly sed  re a c tio n s  can be accounted fo r  by th e  in flu en ce  o f a  sm all
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s t e r i c  f a c to r .  The s te r i c  in h ib i t io n  to  a t ta c k  a t  the  1-p o s i t io n  in  
chlorobenzene would be expected to  be much g re a te r ,  and th e  observed 
sm alle r y ie ld  o f biphenyl compere to  fluorobenzene i s  in  accordance 
w ith  t h i s  in te rp r e ta t io n .  As an ex ten tio n  o f t h i s  p o in t no t ra c e  of 
b iphenyl was d e tec ted  by g . l . c .  in  the  corresponding re a c tio n  in  
bromobenzene.
However in  th e  presence o f m etal benzoate th e  y ie ld  o f b iphenyl 
in  fluorobenzene i s  reduced to  4^. This ob serv atio n  would appesr to  
r e f l e c t  th e  g re a t e f f ic ie n c y  w ith  which th e  m etal io n s  o x id ise  (T-  
complexes to  th e  exclusion  o f s id e  re a c tio n s .
D.4  The Com petitive Reaction o f Benzoyl Peroxide in  Ecpiimolar 
S o lu tio n  of Benzene and Fluorobenzene in  the  Presence and 
Absence o f Metal Benzoates.
The r e s u l t s  o f the  y ie ld s  o f  fluo rob ipheny ls  and biphenyl are
given in  Table ( 16) .  The r e la t iv e  r a te s  and p a r t i a l  r a te  fa c to rs  fo r
p hény la tion  ob tained  in  the  p re sen t work in  th e  presence and absence
o f m etal (c u p ric  o r  F e rr ic )  benzoate , to g e th e r  w ith values ob ta ined
by Hey, Oman and W i l l i a m s ^ a re  shown in  Table ( 36) .  The Fm : F£
r a t io  o f  fluo rob ipheny ls  given here  was c a lc u la te d  from th e  m eta- :
p a ra -  r a t io  rep o rted  by Lewis and W illiams^^ .
The r a te  fa c to rs  ob ta ined  in  the p re sen t wozk in  the absence o f
a d d itiv e  agree reasonably  w ell w ith those  values ob tained  by Hey,
11. ^
Oman and W illiams . »
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Table (36)
and absence o f m etal benzoates.
a d d itiv e s r e la t iv e  r a te s F£ P£ re fe ren ces
none 1.03 1.70 0.95 0.86 114
none 1.08 1.57 1.11 1.18 L. average
cu p ric  benzoate 1.28 2.03 1.19 1.22 Cu. L. ave.
f e r r i c  benzoate 1.23 2.03 1.10 1.11 Fe, L. ave.
The r e la t iv e  r a te  ( l« 08) in  th e  im catalysed  re a c tio n s  in d ic a te s  
th a t  fluorobenzene i s  s l ig h t ly  more re a c tiv e  than  benzene towards 
ph én y la tio n .
The isom er r a t io s  o f flu o ro b ip h en y ls  in  t h i s  system in  the  absence 
o f  a d d itiv e s  a re  alm ost id e n t ic a l  to  those  values ob tained  in  phény la tion  
re a c tio n s  o f fluorobenzene a lo n e . Consequently, a  s im ila r  mechanism 
suggested to  th e  uncatadysed re a c tio n s  in  fluorobenzene (83) and benzene 
(70) alone can account fo r  th e  form ation  o f b ia ry ls  and benzoic ac id  
in  t h i s  system .
The c a ta ly t ic  e f f e c ts  o f f e r r i c  benzoate and cu p ric  benzoate 
in  t h i s  system bears  a  s tro n g  resembrance to  those  e f fe c ts  observed 
in  chlorobenzene—benzene system , in  in c re a s in g  th e  r e la t iv e  r a te s  and 
P£ va lues o f f lu o ro b ip h en y l. T herefore a mechanism suggested fo r  the 
com petitive  re a c tio n s  o f benzene and chlorobenzene in  th e  presence of 
m etal benzoates (eq u a tio n  81) ,  would account f o r  the  main products 
formed in  t h i s  system.
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D*5 The Decomposition o f Benzoyl Peroxide in  p-Dichlorobenzene etnd
1, 3 , 5—Trichlorobenzene in  the  Presence and Absence o f A dditive
I t  was n o ticed  th a t  vdien benzoyl peroxide decomposed in  chloro­
benzene th e  p ro p o rtio n  o f o -chlorobiphenyl formed in  th e  presence o f 
c a ta ly s ts  was h i ^ e r  than  in  the  uncata lysed  re a c tio n . S im ila r  changes 
in  isom er r a t io s  were a lso  observed in  the  com petitive re a c tio n s  o f 
benzene and chlorobenzene, and were accompanied by in c reased  r e la t iv e  
r a te s  in  c a ta ly se d  re a c tio n .
The ex p lan a tio n s  suggested to  account f o r  th e se  observations 
were * -
(a )  The f i r s t  s tep  o f hom olytic arom atic s u b s t i tu t io n ,  namely the. 
form ation  ofcr-com plex, may be re v e rs ib le  p a r t ic u la r ly  when the  
incoming r a d ic a l  e n te rs  o r th o -  to  a  s u b s t i tu e n t ,  o r
(b ) The r a te  o f d im érisa tio n  o f th e  o r th o -s u b s t i tu te d  (T-complex i s  
f a s t e r  th an  th a t  o f  th e  meta-  o r  p a ra - isom ers. T herefore in  the  
u n ca ta ly sed  re a c tio n  where d im érisa tio n  i s  im portan t th e  lo s s  of 
th e  c-iscm er may be more s ig n ifio em t than  th e  lo s s  o f  th e  o th e r 
isom ers.
These com plications concerning th e  isom er r a t io s  a r is e  in  mono- 
s u b s t i tu te d  benzene d e r iv a tiv e s  l ik e  chlorobenzene because th e re  a re  
th re e  non -equ ivalen t n u c lea r p o s it io n s  a v a ila b le  f o r  th e  ph én y la tio n , 
th u s  g iv in g  r i s e  to  th re e  isom eric  ch lo rob i phenyl s .  S ince th e re  are  
two o— and two m -positions and one £7 , and s in ce  th e  t o t a l  r a te  o f 
s u b s t i tu t io n  i s  th e  sum o f th e  in d iv id u a l n u c le a r  s u b s t i tu t io n  r a te s ,  
namely Fo, Fm and P^, then  th e  t o t a l  r a te  f o r  th e  com petitive  re a c tio n
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in  chlorobenzene and benzene i s  given by : —
/r PhCl
PhH K « 2 P o + 2 P ^ + P ^  (8^)
However i f  the  so lven t i s  e i th e r  The ;gM lich lo ro -substitu ted  o r  the 
symm etrical t r ic h lo ro - s n b s t i tn te d  compound, then  fo r  both  substances 
a l l  th e  n u c lea r p o s itio n s  a v a ila b le  f o r  phény la tion  a re  eq u iv a len t 
g iv in g  only  one phenylated  p roduct. Therfore in  th e  re a c tio n s  o f 
benzoyl peroxide w ith  th ese  so lv en ts  no com plication  a r is e s  t h r o u ^  
r e la t iv e  removal o f substitu ted(T -com plex .
The r e s u l ts  o f the decom positions o f benzoyl peroxide in  £ -d i«  
chlorobenzene and 1, 3 , 5- tr ich lo ro b en zen e  in  th e  presence and absence 
o f  c a ta ly s ts  given on Table ( 3j) in d ic a te s ,  th a t  in  th e  absence o f 
c a ta ly s ts  th e  y ie ld s  o f b ia zy ls  from th e  decom positions o f benzoyl 
peroxide in  £-d ichlorobenzene ( 0.6643 m/m perox ide) and in  1, 3 , 5-  
trich lo ro b en zen e  ( 0.8661 m/m peroxide) a re  h ig h e r than  those  ob tained  
in  chlorobenzene (0.4024 m/m p ero x id e ). A similaur mechanism to  th a t  
o f  uncata ly sed  re a c tio n  in  chlorobenzene i s  suggested  to  account fo r  
th e  p roducts formed in  uncata ly sed  experim ents in  th e se  s o lv e n ts , w ith 
th e  c o n tr ib u tio n  o f re a c tio n  ( f )  being somewhat l e s s e r  ex ten t in  
2 -d ichlorobenzene than  in  chlorobenzene, and only  a  minor c o n tr ib u to r  
in  1, 3 , 5- tr ic h lo ro b e n z e n e .
(a )  (PhCO'O)g    > 2 PhCO'O*
(b ) PhCO'O*  > Ph* + COg
Cl Cl g , ( 36)
Ph(c )  Ph* +
Cl Cl
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(d ) r . + PhCO‘ 0-
(e ) (T* + (PhC0 *0 ),





 ► PhCÆ .Cl. + PhCO'OH >  PhCO-0 -0 3 2
d im érisa tio n  and d isp ro p o rtio n a tio n  products
( 37)
The decom position o f benzoyl peroxide in  p~dichlorobenzene and 1, 3. 5— 
trich lo ro b en zen e  in  the presence and absence o f c a ta ly s ts  a t  80?
S olven ts A dditives
B iary l
(m/m) Ref
2-dichlorobenzene n i l 0.6643 E. ave
cu p ric  benzoate 0.8884 Cu.S.ave.
f e r r i c  benzoate 0.9738 P e.E .ave.
Cu(£-ClCgH^C02)2 0.9167 £ 01. 3 . ave
1, 3 f5- trich lo ro b en zen e n i l 0.8661 P. ave
f e r r i c  benzoate 0.9563 Pe.P .ave
The e f fe c ts  o f  m etal benzoates on th e  decom positions o f benzoyl 
peroxide in  £-d ichlorobenzene and 1, 3 , 5-trich loz \)benzene  are  le s s  
sp e c ta c u la r  here  than  elsew here because of the  a lread y  r e la t iv e ly  
h igh  y ie ld s  o f the uncata lysed  r e a c tio n s . However the  f a i r l y  small 
in c re a se s  necessary  to  give the  very high  y ie ld s  o f b ia iy ls  ob tained  
when the  m etal benzoates were p re sen t in  the  re a c tio n s  could be accounted
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f o r  by the fo llow ing  scheme, in  which very l i t t l e  te rm in a tio n  occurs 










(o ) Ph* +
2+
cr, + PhCO'O*
(T. + P e ^
PhCO'O* + Pe 
PhCO-O” + E*" .




PhC^HgClj + PhCO-OH 
PhC^HgCl^ + + Pe '^*’
PhC0 *0“  + P@3+
PhCO'OH
d im érisa tio n  and d isp ro p o rtio n a tio n  products.
Reaction (e )  could be s p l i t  in to  two s te p s
( i )  cr. + P e ^
( j )  + PhCO'O"
(T^ + Pe^*
PhC^HgCl^ + PhCO'OH
P er £ -d ichlorobenzene any one p o s it io n s  i s  £-> to  one ch lo rin e  
atom and ^  to  th e  o th e r . S im ila rly  in  1 , 3 , 5- tr ic h lo ro b e n z e n e , th e re  
a re  th re e  eq u iv a len t p o s itio n s  a v a ila b le  f o r  s u b s t i tu t io n ,  each of 
which i s  £ -  w ith re sp e c t to  two o f the  s u b s ti tu e n ts  and £ -  w ith re sp ec t 
to  th e  t h i r d .  The eq u a tio n s, analogous to  equation  ( g ^  f o r  the  respec­









I t  has been s h o w n , h e t e r o l y t i o  ( e le c tro p h i l ic )  s u b s t i tu ­
t io n  the  frequency f a c to r  in  the  Arrhenius equation  i s  s u b s ta n tia l ly
120independent o f th e  n a tu re  o f the  d ire c t in g  s u b s ti tu e n t.  Brown has 
shown th i s  to  be tru e  fo r  a s e r ie s  of s im ila r  m olecules. I f  th i s  ,
assum ption, th a t  th e  entropy o f a c tiv a tio n  i s  co n s ta n t, can be made
fo r  p h én y la tio n , the p a r t i a l  r a te  fa c to r  a re  dependent only on energ ies
o f  a c t iv a t io n ,  to  which sev e ra l d ire c tin g  s u b s titu e n ts  can be expected 
to  c o n tr ib u te  a d d it iv e ly . The p a r t i a l  r a te  f a c to r  o f s u b s t i tu t io n  may 
then  be c a lc u la te d  as th e  product o f two o r more of the  p a r t i a l  r a te s ,  
each corresponding to  one d ire c tin g  group and i t s  p o s it io n . Then the 
equations (88) and (89) can be rep resen ted  as ; -
^  ^ K .  1/6 (4  PO Fa) ( 90)
^  W  K -  1/6 (3 Fo^Pp) ( 91)
121Augood, Hey and W illiams te s te d  th e  v a l id i ty  o f the  above 
assum ption by comparing the  measured vedues o f  K and K
w ith  th e  values ob tained  from equations (90) and (91) hy s u b s t i tu t io n  
o f measured values o f Fo, and ?£  f o r  chlorobenzene and found th a t  the  
assum ption made w ith regard  to  th e  a d d i t iv i ty  o f the e f f e c ts  o f the  
s u b s t i tu t io n  i s  v a l id ,  a t  l e a s t  as a f i r s t  approxim ation.
The r e s u l t s  o f com petitive re a c tio n s  o f £dichlorobenzene and 
a - trich lo ro b en zen e  agsdnst benzene in  th e  presence and absence o f 
c a ta ly s ts  a re  given in  Table (3 8 ). Using th ese  measurements and the  
a p p ro p ria te  values o f Fo, Fjm, and F£ fo r  chlorobenzene, measured and 
th e o r e t ic a l  values o f K f o r  ca ta ly sed  and uncata ly sed  com petitive 
re a c tio n s  a re  c a lc u la te d  and the r e s u l t s  a re  i l l u s t r a t e d  in  Table ( 39) .
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Table (38 )
The decom position of benzoyl peroxide in  equim olar so lu tio n  o f benzene
and P-dichlorobenzene , and benzene and 1, 3f5-trich lo ro b en zen e a t 80°.
Solvents p-dichlorobenzene
•
1 , 3 i 5- tr ich lo ro b en zen e
A dditives N il Fe.benz. 1Cu.benz. N il Fe.benz
B iary l (m/m) 0.4702 0.6350 0.6453 0.7833 0.7658
Ph-Ph (m/m) 0.2858 0.3209 0.3041 0.1569 0.1573
B iary l ( to t a l )  0.7560 0.9559 0.9494 0.9402 0.9236
R ela tiv e  ra te s 1.65 1.93 2.12 4.99 4.86
Table ( 39)
Observed and c a lc u la te d  r a te  fa c to rs  o f p-d ichlorobenzene and 1, 3 , 5- t r i -  
chlorobenzene in  the  presence and absence o f m etal benzoate a t  80.
A dditives Nil F e r r ic  benzoate cupric  benzoate
E - ‘^ 6 ^ ^ 2  K ( o a l . ) 1.15 1.76 2.01
£ - ° 6 ^ ^ 2  K (o b s .) 1.65 1.98 2.13
â-C6®3 ^ 3  K ( c a l . ) 2.15 4.43 not determ ined
K (o b s .) 4.99 4.86 not determ ined
p a r t i a l  r a te  f a c to r Fo Fm F£ Fo F£ P£ Fm ?£
of PhCl used 1.86 0.93 1.24 2.47 1.07 1.47 2.60 1.16 1.57
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I t  can be seen from the above ta b le  th a t  the values obtained 
when the c a ta ly s ts  are  p resen t in  the re a c tio n  agree w ell w ith the 
values p re d ic te d  by th e  assumption regard ing  the a d d i t iv i ty  of 
d ire c t in g  group on a c tiv a tio n  fo r  phény la tion  re a c tio n , although the 
agreement i s  much poorer fo r  the  uncatalysed  re a c tio n s .
I t  cam be seen th a t  th e  c o n tr ib u tio n  o f Fo value of chlorobenzene 
i s  importaint in  equations ( 90) and (9I)*  This i s  e sp e c ia lly  tru e  fo r
1 , 3 , 5—trich lo ro b en zen e  when Fo i s  squared, and, i f  given the  above 
assum ption, th e  good agreement o f measured aind c a lc u la te d  values p a r t i -  
culfiurly fo r  th i s  so lv en t, i s  f u r th e r  p roof th a t  ca ta ly sed  rea c tio n s  
where o-isom ers are  not being lo s t  by d im érisa tio n  o f o -su b s titu te d  
or-complexes, g ive more r e l ia b le  values fo r  the  p a r t i a l  r a te  f a c to rs .
D.6  The Com petitive Reactions o f Equimolar M ixtures o f Chlorobenzene 
and p-D ichlorobenzene, and o f Bromobenzene and p-D ichlorobenzene, 
in  the Presence and Absence o f Metal Benzoates.
The y ie ld s  o f ch lorob iphenyls and 2 , 5-d i.ch lorobiphenyl and the
r e la t iv e  r a te s  determ ined from the  com petitive re a c tio n s  o f equim olar
m ixtures o f £-d ichlorobenzene and chlorobenzene are  l i s t e d  in  Table ( l 3b ) .
The y ie ld s  o f bromobiphenyls, 2, 5-d ich io ro b ip h en y l and r e la t iv e  r a te s
a re  l i s t e d  in  Table ( l 8c ) .  By making use o f the  fo llow ing  conversion
equations ( 92) and ( 93) ,  th ese  r e la t iv e  r a te s  can be converted in to






PhH ^ (9 2 )
K ■' ™  K /
PhX „ 
PhY ^ ( 93)
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where PhX and PhY rep resen t th e  s u b s ti tu te d  benzene.
The r e la t iv e  ra te s  fo r  chlorobenzene and bromobenzene w ith re sp ec t 
to  benzene as the  s tandard  so lv e n t, c a lc u la te d  by the  conversion equation , 
and th e  measured values from experim ents (S .^ .b )  and (E .6.b ) are  shown 
in  Table (40)*
Table (40 )
Measured and c a lc u la te d  r e la t iv e  ra te s  fo r  chlorobenzene and bromobenzene 
in  the presence and absence o f m etal benzoates.
n i l  cu p ric  benzoate f e r r i c  benzoate
PhCl » / ' V PhH (measured; . 1.14 1.51 1.43
K (c a lc u la te d ) 1.57 1.51 1.43
p ^ ^  K (measured) 1.47 1.46 1.53
p ^ ^  K (c a lc u la te d ) 1.01 1.46 1.39
The r e s u l t s  ob tained  by using  th e  conversion equation  in  the absence 
o f any a d d itiv e  in  both chlorobenzene and bromobenzene a d isag reed  w ith 
those  determ ined d i r e c t ly  from th e  com petitive re a c tio n s  between these  
s u b s tra te s  and benzene. This might a sc rib ed  to  r e la t iv e  lo s s  o f t -  
complexes by d im é risa tio n , and th e  consequent u n r e l ia b i l i ty  o f the 
measured r e la t iv e  r a te s .  However good agreement i s  ob ta ined  in  the 
presence o f a d d it iv e s , th i s  i s  e s p e c ia lly  tru e  fo r  cu p ric  benzoate.
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109The above fin d in g  supports the view ^ th a t the  ra te  fa c to rs  determ ined 
in  the  absence o f a d d itiv e s  are  not r e l ia b le  in d ices  o f r e a c t iv i ty ,  
but those determ ined in  the presence o f such ad d itiv es  a re  much su p e rio r .
The r e la t iv e  r a te s  obtained  fo r  chlorobenzene and bromobenzene 
both  by conversion and d i r e c t ly ,  in  the  presence of cu p ric  benzoate are  
1.51 and 1.46 re sp e c tiv e ly , these  values make bromobenzene s l ig h t ly  
le s s  re a c tiv e  than  chlorobenzene in  the  phény la tion  re a c tio n  by benzoyl 
p erox ide . This reverseü. o f  the o rd er o f p rev io u sly  accepted values 
f o r  chlorobenzene and bromobenzene was a lso  n o ticed  by Davies, Hey
115and Summers who re in v e s tig a te d  the  phény lation  o f a  s e r ie s  o f mono­
s u b s t i tu te d  d e r iv a tiv e s  of benzene using  £-d ichlorobenzene as the  , 
re fe ren ce  compound. T heir t o t a l  r a te  values o f 2.20 an d .1.90 fo r  
chlorobenzene and bromobenzene re sp e c tiv e ly  a re  h ig h er than p resen t 
fin d in g s  but in  th e  o rder.
D.7 The Competitive Reactions o f Benzoyl Peroxide in  Equimolar M ixtures 
o f Chlorobenzene and 1, 3 . 5-T rich lo robenzene in  th e  Presence and 
Absence o f F e r r ic  Benzoate.
The y ie ld s  o f ch lorobiphenyls and 2 , 4 f6- tr ic h io ro b ip h e n y l and 
th e  r e la t iv e  ra te s  determ ined in  th e  com petitive re a c tio n s  in  th is  
s e r ie s  a re  l i s t e d  in  Table ( 20b ) . By making use o f conversion equations 
(92) and (93 ) ,  the  r e la t iv e  r a te s  o f p h ény la tion  o f chlorobenzene 
w ith  re sp ec t to  benzene as th e  s tan d ard  so lv en t a re  ob ta ined  and are 
shown in  the fo llow ing  Table (4I ) .
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Table (41)
Measured and c a lc u la te d  r e la t iv e  ra te s  o f chlorobenzene in  the  presence 
and absence o f f e r r i c  benzoate.
C a ta ly st K (from exp. E.4) K (c a lc u la te d )
n i l 1.14 1.40
f e r r i c  benzoate 1.43 1.46
Here again  as n o ticed  befo re  in  th e  com petitive re a c tio n s  of 
benzoyl peroxide in  chlorobenzene and £-d ich lorobenzene the  r e s u l ts  
ob ta ined  by th e  use o f conversion equation  and experim ents w ith  benzene 
as the  s tandard  so lven t showed some d iscrepancy  in  th e  absence of 
f e r r i c  benzoate, while good agreement i s  ob ta ined  in  th e  presence of 
th e  a d d itiv e .
The values ob ta ined  by the  use o f conversion equations both  in  
th e  presence ( I .4 6 )  and absence ( I .4 0 )  o f  f e r r i c  benzoate a re  in  c lo se  
agreement w ith  the  value ( 1. 43) o f  f e r r i c  benzoate ca ta ly se d  re a c tio n s  
w ith  benzene as s tandard  so lv e n t. This agreement shows th a t  in  a l l  
th e se  system s, r e l ia b le  r e s u l t s  which a re  uncom plicated e i th e r  by lo ss  
o f c o m p l e x e s  o r  by com plexation can be ob ta ined  by th e  use o f e f f ic ie n t  
a d d it iv e .
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D ,3 The Decomposition o f  Benzoyl Peroxide in  Methyl Benzoate in  the
Presence and Absence o f Metal Benzoates.
The decom position o f benzoyl peroxide in  methyl benzoate in  the
presence and absence o f m etal (c u p ric  o r f e r r ic )  benzoates summarised 
in  Table (42 ) shows non-equivalent y ie ld s  o f benzoic ac id  and m ethyl- 
oxycarbonylbiphenyls in  the  uncata lysed  re a c tio n . The low y ie ld  of 
benzoic ac id  compared w ith r e la t iv e ly  high y ie ld s  o f b ia iy ls  suggest 
th e  ch a in -te rm in a tio n  process in  th i s  so lv en t i s  the  d im érisa tio n  and, 
p a r t ic u la r ly  d isp ro p o rtio n a tio n  o f r-com plexes, and the  products formed 
in  uncata ly sed  re a c tio n  of th is  so lv en t can be accounted fo r  by the  







P h ' +
O'oca
(d ) f + (PhCO'O)
O'OCH.




+ PhCO'OH + PhCO'O'
O'OCH.
2 \\ ; .J -------------- d im érisa tio n  and d isp ro p o rtio n a tio n  products
CO'OCH.
The d ih y d ro b ia ry ls  which accompany the  b ia iy ls  formed by d isp ro p o rtio n a tio n  
would be expected to  be re a d ily  o x id ised  to  b ia iy ls  during  working up.
no.
Table ( a ? )
in  the  presence and absence o f m etal benzoates.




isom er r a t io  
2r  S r  2“
n i l 0.6266 0.2512 48.1 19.9 32.0
cupric  benzoate 0.8013 0.7990 56.6  16.3 27.1
f e r r i c  benzoate 0.7741 0.7253 53.4  16.5 30.1
The e f fe c t  o f  th e  c a ta ly s ts  in  methyl benzoate i s  seen by the  
in c reased  y ie ld s  of both b ia iy l  and benzoic a c id . The in c reased  y ie ld  
o f  m ethylorycarbonylbiphenyl i s  here  again  accompanied by a  s u b s ta n tia l  
in c re a se  in  th e  p ro p o rtio n  o f o rth o -  isom er (5*3^ w ith c u p ric -  and 8 .5^  
w ith  f e r r i c  ben zo a te ). In  th e  ca ta ly se d  re a c tio n  alm ost eq u iv a len t 
y ie ld s  o f b ia iy l  and benzoic ac id  are  formed suggesting  th a t  removal 
o f j'-com plexes th o u ^  d im érisa tio n  o r d isp ro p o rtio n a tio n  i s  no longer 
im p o rtan t, and th e  ra d ic a ls  in  th e  so lu tio n  a re  removed by the  fo llow ing  

























^•9 The Com petitive Reaction o f Benzoyl Peroxide in  S q u iao la r M ixtures 
o f  Benzene and Methyl Benzoate in  the  Presence and Absence of 
Metal Benzoates
The r e la t iv e  r a te s  and p a r t i a l  r a te  f a c to rs  ob tained  fo r  m etal 
(c u p ric  o r  f e r r i c  benzoate) ca ta ly se d  and u n ca ta ly sed  re a c tio n s  in  the  
benzene-m ethyl benzoate system a re  summarised in  Table (4 3 ).
Table (43)
R e la tiv e  r a te s  and p a r t i a l  r a te  f a c to rs  o f methyl benzoate in  the  
presence and absence o f m etal b enzoates*
A dditives r e la t iv e
r a te




fa c to r
Fp
re fe ren ces
n i l 1.77 3.04 0.93 2.73 129
n i l 1.89 . 2.73 1.12 3.64 R.ave.
cu p ric  benzoate 2.06 3.50 1.03 3.31 Cu.R. ave
f e r r i c  benzoate 2.03 3.26 1.00 3.64 P e.R .ave .
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The in tro d u c tio n  of methoxycarbonyl group has a c tiv a te d  the 
o r th o -  and p a ra -  but not the meta-  p o s itio n s  by n ea r-n eu tra l phenyl 
ra d ic a l  both in  the presence and absence o f c a ta ly s ts ,  the p a r t ia l  
r a te  f a c to r  fo r  m eta-s u b s t i tu t io n  i s  c lose  to  u n ity , a value expected 
i f  the  n e u tra l phenyl ra d ic a l i s  the only spec ies  involve in  s e le c tin g  
among the  a v a ila b le  p o s itio n s .
The high values o f F£ and ?£ are  due to  the  s ta b i l i s a t io n  of 
th e  ap p ro p ria te  (T-complexes by d e lo c a lis a tio n  o f the  unpaired e lec tro n  
in  th e  methoxycarbonyl group, which makes th i s  p o ssib le  by v ir tu e  of 
i t s  con jugation  w ith the  nucleus. Thus th e  s ta b i l i s a t io n  o f the  (T- 
complex fo r  para- s u b s t i tu t io n  in  methyl benzoate a r is e s  from the 
c o n tr ib u tio n  o f canonical forms such as (XV).‘
H Ph
(XV)
Analogous forms can be w ritte n  fo r  o r th o -s u b s t i tu t io n  (XVl), but 
the  corresponding form fo r  m eta-s u b s t i tu t io n  req u ire s  a formal bond 
between o rth o -  and para-p o s it io n  (X V Il), and i t s  c o n tr ib u tio n  would 
th e re fo re  be expected to  be n e g lig ib le .
Ph H
The marked in c rease  of ?o values ih  ca ta ly sed  re a c tio n s  again 
suggests  the  s e le c tiv e  removal o f o -s u b s t itu te d  (T-complex when the
1 7 3
te rm in a tio n  process i s  the d im érisa tio n  o r d isp ro p o rtio n a tio n  o f cr- 
complexes as in  uncatalysed  re a c tio n . However, in tro d u c tio n  o f c a ta ly s ts  
su c c e ss fu lly  removes the  < r-radicals as b ia ry ls  before  t h e i r  d im érisa tio n  
can tak e  p la c e , thus g iv in g  tru e  values fo r  the  p a r t i a l  r a te  f a c to r s .
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D,10 The Decomposition of Benzoyl Peroxide in  Benzophenone in  the
Presence and Absence of Metal Benzoates.
Table ( 44)
Summary of the  decomposition o f benzoyl peroxide in  benzophenone 
in  the  presence and absence o f m etal benzoates.
PhCUH COPh PhCO OH isom er r a t io
A dditives 0 4
(m/m) (m/m) £ “ 2^  £ -
n i l 0.8442 0.2541 40.0 21.1 38.9
cupric  benzoate 0.8840 0.7849 50.1 17.6 32.3
f e r r i c  benzoate 0.9870 0.8134 47.7 18.6 33.7
The above Table shows the  summary o f the  r e s u l ts  of phénylation  
re a c tio n s  o f Benzophenone in  the  presence and absence o f m etal benzoates.
The m ajor p roducts d e tec ted  in  t h i s  so lv en t are isom ers of 
phenylbenzophenone and benzoic a c id . High y ie ld s  o f phenylbenzophenone 
a re  n o ticed  in  both  ca ta ly sed  and u n cata ly sed  re a c tio n s , but here 
again  as in  methyl benzoate th e  y ie ld  o f benzoic ac id  i s  low compared 
w ith  the  y ie ld s  o f phenylbenzophenone in  the uncata ly sed  re a c tio n .
The presence o f m etal (cu p ric  o r f e r r i c )  benzoates re su lte d  in  in c  re ar­
s in g  the  y ie ld  o f benzoic ac id  alm ost to  eq u iv a len t p ro p o rtio n  to  
b ia iy l  which in  tu rn  had a veiy. l i t t l e  e f fe c t  in  improving the y ie ld .
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but a l te r e d  the isom er r a t io s  considerab ly , ageiin the  in c rease  of 
^ is o m e r  (10 .1^  w ith cup ric  benzoate and 7*7^ w ith f e r r i c  benzoate) 
a t  the  expence o f both ^  and ^-isom ers i s  n o tic e a b le .
The phenylbenzophenone and benzoic ac id  are  formed according 
to  th e  fo llow ing  mechanism; w ith the  te rm in a tio n  re a c tio n  occuring 
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D.11 The Competitive Reactions o f Benzoyl Peroxida in  Equimolar T 'îiitnres 
o f Benzene and Benzophenone in  the  Presence and Absence of 
Metal Benzoates,
The r e s u l t s  fo r  the in d iv id u a l y ie ld s  o f  phenylbenzophenone \  . 
and biphenyl in  the  com petitive e ip e rim ents in  benzene and benzophenone 
in  the  presence and absence o f m etal (c u p ric  o r f e r r i c )  benzoates are  
g iven in  Table ( 24)* The r e la t iv e  r a te s  and p a r t i a l  r a te  fa c to e s  fo r  
ph én y la tio n  ob ta ined  from the re a c tio n s  in  t h i s  system in  the  presence 
and absence o f a d d itiv e s  are  summarised i n  th e  fo llow ing  Table (45)#
Table ( 45)
and absence o f m etal benzoates*
a d d itiv e s r e la t iv e p a r t i a l  r a te fa c to rs re fe ren ces
r a te Fo Fto exp* number
none 4.40 2.65 1.39 5.10 S* average
cu p ric  benzoate 4.12 3.10 1.09 3.96 Cu.S.ave.
f e r r i c  benzoate 3.98 2.85 1.11 4.00 F e .S .av e .
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Th.9 beazoyl-group a ttach ed  to  the  benzene r in g  i s  seen to  s tro n g ly  
a c tiv a te d  the nucleus fo r  hom olytic s u b s t i tu t io n ,  and to  r e s u l t  in  high 
values o f r e la t iv e  r a te  in  both  ca ta ly sed  and uncatalysed  reac tio n s  
in  th i s  system.
The y ie ld  o f phenylbenzophenone in  the com petitive re a c tio n  
co n ta in in g  m etal benzoates in creased  (7 .8 ^  w ith cup ric  and 10. 3^ w ith 
f e r r i c ) ,  but the y ie ld  of biphenyl i s  in creased  to  a much g re a te r  
ex ten t. (15^ w ith c u p ric -  and 22. wi t h f e r r i c  benzoate), consequently 
low ering o f the  r e la t iv e  ra te  in  the presence o f m etal benzoate i s  
observed here .
The high values o f the p a r t i a l  r a te  fa c to rs  in  th e  and 2r   ^
p o s it io n s  compared w ith o p p o sitio n  can be exp lained  by s ta b l is a t io n  
o f C-complexes fo r  Op and ^ - s u b s t i tu t io n  a r is in g  from conjugation  
between the  u n sa tu ra ted  benzoyl-group and nucleus (XVIIl) and (XIX),
H Ph
(XVIII) (XIX)
The ex ten t of the  s ta b l i s a t io n  o f th ese  qr-complexes through d é lo c a li­
s a tio n  should be o f a s im ila r  o rd e r, and should r e s u l t  in  s im ila r  
values o f p a r t i a l  r a te  f a c to rs .  However in  t h i s  system th e  value of 
Fo i s  found to  be considerab ly  lower than  Fp. This i s  unusual because 
a l l  the r e s u l ts  from previous systems in d ic a te d  th a t  th e  o p p o sitio n , 
i f  any, was the one which gave th e  h ig h er va lu e . This anomalous obser­
v a tio n  p o ssib ly  a r is e s  from the  e f f e c t  o f th e  bulky.benzoyl-group in  
benzophenone in  h indering  O pattack. This s te r io  e f f e c t  th e re fo re  
depresses the  r e a c t iv i ty  of t h i s  p o s it io n .
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Also the high  value o f Fo ( 1#39) in  uncata lysed  re a c tio n  i s  
anomalous, probably  fo r  the same reasons described  e a r l i e r  (p . I46)
T h is p o s i t io n  i s  exp ected  to  have a p a r t ia l  r a te  f a c to r  o f  u n ity  
i f  th e  s e le c t in g  p ro cess  between th e two com peting so lv e n ts  in v o lv e s  
th e same s p e c ie s .  T herefore th e  la r g e  p a r t ia l  r a te  fa c to r s  o f  m - and 
A p p o sitio n s  (b o th  o f  which are reduced co n s id era b ly  in  th e presen ce  
o f  m etal b en zo a tes) in d ic a te s  th a t the i n i t i a l  com plexation  a ls o  
occu rs betw een phenyl r a d ic a ls  o r  t h e ir  p recu rso rs  and benzophenone 
m o le c u le s , r e s u l t in g  in  th e in cr ea se d  r e a c t iv i t y  o f  th e whole m o lecu le , 
in c lu d in g  th e  a p p o s it io n s .  In  t h i s  system , th e  com plexation  i s  l i k e l y  
to  occu r between benzoyl p eroxide or  b e n z o y lo x y -r a d io a ls  and benzophenone 
m o lecu les  through some week Van der  Waals fo r c e s  p r io r  to  d eca rb o x y la tio n . 
The phenyl r a d ic a ls  g en era ted , in  t h i s  s i t u a t io n  would be c lo s e ly  
a s s o c ia te d  w ith  benzophenone m o lecu les  and t h e ir  a tta c k  on benzophenone 
woul be favou red , th u s le a d in g  to  an enhanced r e a c t iv i t y  o f  benzophenone 
m o lecu les  r e l a t i v e l y  to  th e com peting s o lv e n t ,  benzene.
T h is com plexation  i s  l i f t e d  in  th e  p resen ce  o f  m etal b en zo a tes . 
T herefore th e phenyl r a d ic a ls  g en era ted  were f r e e  w ith in  th e  s o lu t io n  
to  show a s e le c t io n  between th e  com peting su b s tr a te  m o le c u le s , hence 
le a d in g  to  a d ecrea se  in  th e r e a c t iv i t y  o f  th e  s i t e s  which o th erw ise  
would be favou rab le  fo r  th e  a tta c k  o f  phenyl r a d ic a ls .
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D.12 The Decomposition o f  Benzoyl Peroxide in  B enzon itr i le  in  the
Presence and Absence o f  Metal Benzoates.
Table (46)
Summary o f  th e  decom position  o f  benzoyl p erox ide in  b e n z o n itr i le  in  
th e  p resen ce and absence o f  m etal b en zo a tes .
experiment a d d itiv e s PhC.HjCN6 4 Ph-Ph isom er r a t io s
number (m/m) (m/m) 0 m £
I .  average none 0.7233 0.087 52.3 17.4 30.3
Cu. j .  ave. cu p ric  benzoate 0.7332 — 57.0 15.2 27.3
Fe. j ,  ave. f e r r i c  benzoate 0.3337 0.028 57.6 15.7 26.7
The above Table shows the summary o f the r e s u l ts from ca ta ly sed
and u n ca ta ly sed  phény la tion  re a c tio n s  o f b e n z o n itr ile .
The y ie ld  o f benzoic ac id  in  th ese  re a c tio n s  were not determ ined 
in  the p re se n t work.
The e f f e c ts  o f f e r r i c  benzoate o r  cu p ric  benzoate on the decom­
p o s it io n  o f benzoyl peroxide in  t h i s  so lv en t are  le s s  sp e c ta c u la r  here 
because o f the  a lre sd y  r e la t iv e ly  high y ie ld s  o f the  uncata ly sed  
re a c tio n . However the  f a i r l y  sm all in c re a se s  necessary  to  give the 
very high y ie ld s  o f cyanobiphenyls obtained  when the m etal benzoates
were p re se n t in  the  re a c tio n s  were accompanied by the  usual a lternar-
#
t io n s  o f isom er r a t io s .  Traces o f biphenyl d e tec ted  in  the uncatalysed  
re a c tio n  may be formed by the  union o f two phenyl ra d ic a ls  o r by the
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a t ta k  of a phenyl ra d ic a l on the 1-p o s i t io n  o f nucleus o f the  so lven t 
( p . 156); the  e f fe c t  of c a ta ly s t  however caused a marked decrease in  the 
form ation o f b ipheny l, atnd the  g . l . c .  a n a ly s is  o f the  re a c tio n  m ixtures 
co n ta in in g  cup ric  benzoate as c a ta ly s t  gave no in d ic a tio n  o f biphenyl 
being formed in  t h i s  reaction*
D.13 The Competitive Reactions o f Benzoyl Peroxide in  Equimolar Benzene— 
B e n zo n itr ile  System in  th e  Presence and Absence of Metal Benzoates.
The r e s u l ts  o f the  in d iv id u a l y ie ld s  of cyanobiphenyls and biphenyl 
a re  g iven  in  Table ( 2o ). The r e la t iv e  r a te  and p a r t ia l  ra te  fa c to rs  fo r  
p hény la tion  ob ta ined  in  the p resen t work from re ac tio n s  in  the  presence 
and absence o f a d d itiv e s  to g e th e r  w ith th e  values obtained  by Dannley 
and Gregg^^ are  shown in  the  fo llow ing  Table ( 47)*
Table (47)
and absence o f m etal benzoates.
a d d itiv e s r e la t iv e
r a te




none 3.7 6 .5  1.1 6.1 50
none 1.92 3.01 1.00 3.49 T.average
cu p ric  benzoate 1.73 2.82 0.86 3.02 Cu. T. ave
f e r r i c  benzoate 1.32 3.12 0.85 2.98 Fe, T. ave,
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The r e la t iv e  r a te  (1 .9 2 )  ob ta in ed  in  u n ca ta ly sed  r e a c t io n s  in  
the p resen t work i s  very  much low er than th e  va lu e  o f  3«7 reported  hy 
Dannley and Gregg^^, who used p y r id in e  as th e  r e fe ren ce  s o lv e n t .  This 
i s  probably due to  th e reason s g iv en  e a r l i e r  in  S e c t io n  D .2 ( p . 144)
( i . e .  th e  use o f  con version  eq u a tio n s in  th e  r e a c t io n s  in  the absence 
o f  a d d it iv e s  can g iv e  r i s e  to  erroneous r e s u l t s ,  and more accurate  
a n a ly t ic a l  method was employed in  th e  p resen t s t u d ie s .
The h igh  v a lu e s  o f  p a r t ia l  r a te  fa c to r s  fo r  th e  £ -  and ^ -p o s i t io n s ,  
as compared to  th a t fo r  th e m -p o s it io n , which i s  u n ity , i s  a t tr ib u te d  
to  th e  p o s s i b i l i t y ,  which e x i s t s  in  b e n z o n it r i le ,  fo r  th e  d e lo c a l is a t io n  
o f  th e unpaired  e le c tr o n  in  th e  ^ -com p lex  to  th e extended in to  the  
s u b s t itu e n t  group as rep resen ted  in  (XX) and (X X I), thus g iv in g  r i s e  




S in ce  th e  y ie ld s  o f  u n ca ta ly sed  r e a c t io n s  are h igh  in  t h i s  s o lv e n t ,  
th e  p resen ce  o f  f e r r i c  benzoate or  cu p r ic  benzoate in  th e  r e a c tio n  
m ixture had no s ig n i f ic a n t  e f f e c t  on th e  r e la t iv e  r a te  or  p a r t ia l  r a te  
f a c t o r s ,  a lthough  p a r t ia l  r a te  fa c to r s  in  th e p resen ce o f  a d d it iv e s  are  
p r e fe r r e d  because p o s s ib le  removal o f  o—s u b s t itu te d  (T—com plexes by 
d im é r isa tio n  i s  reduced .
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IV. CONCLUSION
The r e s u l ts  o f phénylation, re a c tio n s  o f benzene, fluorobenzene, 
chlorobenzene, bromobenzene, £ -d ich lorobenzene, 1, 3 , 5- tr ich lo ro b e n z en e , 
methyl benzoate , benzophenone and b e n z o n itr ile  suggest the  follow ing 
conclusions
( l )  In  the  absence o f a d d itiv e s  s id e  re a c tio n s  o f(T -ra d ic a ls  can be 
s e le c t iv e ,  th i s  i s  e sp e c ia lly  t ru e ,  when the y ie ld s  o f b ia iy ls  
in  th e  u n ca ta ly sed  re a c tio n  a re  low.
(2} In  some so lv en ts  ( e .g  bromobenzene and benzophenone) complexation 
between a  p re cu rso r  o f p h e n y l-rad ic a ls  and so lven t m olecules may 
occur.
The presence o f a d d itiv e s  in  the  re a c tio n s  suppress th e  s ide  
re a c tio n s  o f v arious c r-ra d ica ls  and remove some o f the  i n i t i a l  
com plexation re a c tio n s  o f so lv en t m olecules w ith a p recu rso r o f 
phenyl r a d ic a ls .
T herefore th e  r e s u l t s  ob ta ined  in  th e  presence o f a d d itiv e s , 
which a re  a lso  independent o f  b e n z en e /su b s titu te d  benzene r a t io  (p#152) 
r e f l e c t  the tru e  in tra -m o le c u la r  and in te r-m o le c u la r  r e a c t iv i ty  o f 
s u b s tra te s  in  th e  p hény la tion  re a c tio n s .
The b e s t s e t  o f  r e a c t iv i ty  in d ic e s  fo r  fluorobenzene, chlorobenzene, 
bromobenzene, p -d ich lo robenzene, 1, 3 , 5—trich lo ro b en zen e , methyl benzoate, 
benzophenone and b e n z o n itr ile  in  the  phény la tion  re a c tio n  w ith benzoyl 
peroxide are  given in  Table (4 8 ).
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The values obtained  under the  in flu en ce  o f d if f e re n t  a d d itiv e s  
agreed reasonably  w ell w ith each o th e r . Consequently the b es t s e ts  o f 
r e la t iv e  and p a r t i a l  r a te  fa c to rs  obtained  by tak in g  the  mean values 
in  the  presence o f a d d it iv e s , e .g  f e r r i c  benzoate and cup ric  benzoate
a re  considered  to  be the b es t d e f in i t iv e  s e t .
Table ( 48)
Summary o f r e la t iv e  ra te s  and p a r t i a l  r a te  fa c to rs  fo r  the  systems
being  s tu d ied  in  the  presence o f a d d it iv e s .
so lv en ts r e la t iv e  r a te s Po Fp
fluorobenzene 1.26 2.0 1.1 1.2
chlorobenzene 1.48 2.5 1.1 1.5
bromobenzene 1.49 2.5 1.3 1.4
b e n z o n itr i le 1.78 3.0 0.9 3.0
methyl benzoate 2.05 3.4 1.0 3.5
p-dichlorobenzene 2.06 ----
benzophenone 4.05 3.0 1.1 4 .0
1, 3 , 5- tr io h lo ro b e n  zene 4.86 ——
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